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$1. The selection rules for 8-transformations are stated on the basis of the neutrino theory 
outlined by Fermi. If it is assumed that the spins of the heavy particles have a direct effect on 
the disintegration these rules are modified. §2. It is shown that whereas the original selection 


rules of Fermi lead to difficulties if one tries to assign spins to the members of the thorium 


family the modified selection rules are in agreement with the available experimental evidence 


$1. 


CCORDING to the theory of 8-disintegra- 

tion given by Fermi! no change of the total 
nuclear spin should occur in the most probable 
transformations, i.e., in transformations located 
on the first Sargent curve.? The transformations 
corresponding to the second Sargent curve ap- 
proximately 100 times less probable should cor- 
respond to changes +1 or 0 of the angular 
momentum of the nucleus. One may expect the 
existence of still lower curves for higher changes 
in the nuclear spin. This selection principle is 
based on the assumption that the spin of the 
heavy particles does not enter in the part of the 
Hamiltonian which is responsible for the 8-disin- 
tegration. The same assumption was made in the 
modified theory of Konopinski and Uhlenbeck* 
who introduced the derivative of the neutrino 
wave function in the Hamiltonian in order to get 
a better fit with the experimental curves of the 
energy distribution in 8-spectra. We should like 
to note here that rule will be 
changed if the spins of the heavy particles are 


this selection 


1 Fermi, Zeits. f. Physik 88, 161 (1934). 
? Sargent, Proc. Roy. Soc. A139, 659 (1933). 
* Konopinski and Uhlenbeck, Phys. Rev. 48, 7 (1935). 


introduced into the Hamiltonian, a possibility 
proposed in many discussions about this subject. 
We shall first give the derivation of Fermi’s 
selection rule in a somewhat generalized form. 
The probability of 8-disintegration is propor- 
tional to the square of the matrix element. 


M,= x f ca PY )Ws*5q1{ 0(y,*Y.*) }. (1) 
l 


Here y; and wy; are the proper functions of the 
heavy particles, protons and neutrons, for the 
initial and final state, respectively. These func- 
tions depend on the positions of the heavy par- 
ticles, on their spins, and on a third variable* 
which corresponds to the charge of the heavy 
particles and which is capable of two values, in a 
manner similar to the spin variable, the value 
1 corresponding to a proton and the value 0 toa 
neutron. The operator 2,‘ ” acts on this last 
variable converting the /th particle in y; into a 
proton if it was a neutron and giving 2," ?y;=0 
if the /th particles is already a proton. The in- 
tegration in (1) includes summation over the 
spin and charge coordinates of the heavy par 


* Introduced by Heisenberg, Zeits. f. Physik 77, 1 (1932) 
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ticles. y, and y, are the proper functions of the 
neutrino and the electron. O is an operator 
acting on these functions but not involving the 
heavy particles and the delta function 6g; sub- 
stitutes the position coordinate g, of the /th 
heavy particle for the coordinates of the electron 
and neutrino. 

In Fermi’s paper the operator O was simply a 
summation over certain products of the four 
Dirac components of the electron wave function 
and components of the neutrino wave function. 
The Konopinski and Uhlenbeck operator in- 
volved in addition the first derivative of the 
neutrino wave function. In both cases, however 
5q:{O(y,*.*)} is a scalar function of qg;. This is 
necessary since in (Q," ?y;)y~,* the summation 
over the spins of the heavy particles gives also a 
scalar and the integral in (1) must be a scalar. 

Supposing at first that y, and y, are plane 
waves, the same will be true for 6g;{O(y,*y.*)}. 
If we expand this wave in spherical harmonics, 
and suppose that the nuclear radius 79 is small 
compared to the wave-length A, then the am- 
plitudes of the zeroth, first, second. . . spherical 
harmonics within the nucleus will have the 
ratio 1 : (ro/A) : (r7o/A)? ---. Neglecting all but 
the zero-order spherical harmonic M, will be 
different from zero only if the angular momentum 
i of the nucleus does not change during the £- 
transformation and if the nuclear proper function 
is even with regard to reflection on the mass 
center before and after the disintegration or if it 
is odd before and after. These transitions will 
correspond to the first Sargent curve. 

Taking into account the first-order spherical 
harmonic in the development of 6g;{O(y,*y.*)} 
further transitions become possible. The selection 
rules for these additional transitions are those 
valid for a polar vector: The change in angular 
momentum Az is +1 or 0 (but not 1=0—7=0) 
and one of the two combining states is even, the 
other odd. For all these cases, however, the 
matrix element M/, will be smaller by ro/A than 
for the zero-order spherical harmonic and con- 
sequently the transitions will be less probable 
by (ro/A)*. Now for most -disintegrations 7o/X 
is about 10-? and the transformations arising 
from the first-order harmonic are ten thousand 
times less probable than those arising from the 
zero-order harmonic. 
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Actually the proper function of the electron is 
not a plane wave because of the Coulomb inter- 
action between the nucleus and the electron. 
Fermi has shown that for the heavy elements, 
where this interaction is the greatest, the result 
will be to increase the probability of emitting an 
electron with unit angular momentum, this event 
being only about 100 times less probable than 
the emission of the light particles with zero 
angular momentum, thus giving the second 
Sargent curve. The situation will be similar if 
we accept the Hamilton term introduced by 
Konopinski and Uhlenbeck or any other expres- 
sion of the type given in the matrix element 1/,. 

We have therefore from a generalized treat- 
ment of Fermi’s theory the following selection 
rules, 

First Sargent curve: (1) Ai=0; (2) proper functions, 
even-even, or odd-odd. 

Second Sargent curve: (1) 
functions, even-odd. 


Ai=0 or +1; (2) proper 


If we now assume that the spin of the proton 
and neutron enters into the Hamilton term which 
is responsible for the transformation we may 
substitute 1/, by the more complicated ex- 
pression 


M= LE f (a PaiWs)Ws*5qu{OF(Y,*y.*)}. (2) 
gt 


Hereby a; operates on the spin of the /th 
heavy particle and signifies the three Pauli 
matrices : 

0 1] 10 1 1 0 | 
| I: av= = ar*= ° (3) 


at=| 
\1 0 


The summation over £ is meant to include the 
three values x, y, z. The three operators Of are 
the three components of a vector. This means 
that by a coordinate transformation the three 
operators are transformed in the same way as the 
x, y and z components of a vector. It is then seen 
that the matrix element MM, will again be scalar 
quantity. 

> A similar expressiqn was introduced by Fermi (in order 
to insure relativistic invariance) as an additional term. In 
his expression, however, the a’s stood for the Dirac matrices 
which give only a small contribution as long as the velocity 
of the heavy particles are small compared to c. It should 


also be noted that Dirac’s a’s are the components of a polar 
vector whereas Pauli’s a’s form an axial vector. 














SELECTION RULES FOR 

Expanding the expressions 6g;{ O8(y,*y,.*) } into 
spherical harmonics and retaining only the zero- 
order functions integration over the coordinates 
of the heavy particles shows that transitions are 
possible if (1) At=0 or +1 (but not :=0—7=0), 
and if (2) The transition is of an odd-odd or 
even-even type. These are the same selection 
rules as those valid for an axial vector. The cor- 
responding transitions would be located on the 
first Sargent curve. 

From the first-order spherical harmonics we 
obtain transitions with (1) Az=0; +1 or +2, 
(2) the transitions are of the odd-even type. 

Either the matrix element 1, or the matrix 
element JM, or finally a linear combination of 
M, and M, will have to be used to calculate 
probabilities of the #-disintegrations. If 
the third possibility is the correct one, and 
the two coefficients in the linear combination 
have the same order of magnitude, then all 
transitions which would lie on the first Sargent 
curve according to any one of the two sets of 


the 


selection rules mentioned above would now lie 
on the first curve. This would mean that the 
selection rules are the same as for an axial vector 
with the addition that also the i=0—i=0 even 
—even or odd—odd transitions are allowed. 

We shall show now that if exchange forces of 
the Majorana type® are acting between protons 
and neutrons and if these forces have to be 
explained by a §-disintegration of the neutron 
and a following capture of the electron and 
neutrino by the proton then the actual matrix 
element to be used is the sum of the matrix 
elements MM, and Ms. Indeed if we should have 
only M, then the charges would be exchanged 
with the spins remaining unaffected, i.e., we 
should obtain Heisenberg forces. If on the other 
hand M, were the correct expression then con- 
sidering a system of one neutron and one proton 
represented by ¥y(q:')¥p(q2!)’ and applying first 
to ¥y(qi]) the operator corresponding to Mz and 
then the inverse operator to Wp(g2/), the ex- 
pression ¥p(qi!)¥x(g2!) would be obtained. By 
a similar procedure ¥y(qi!)Wp(qe| ) is transformed 
into 2y¥p(qil )ww(q2!) —We(aqil) vn (ae]). Now 
¥v(q1!)¥p(ge]) is according to both Majorana 


* Majorana, Zeits. f. Physik 82, 137 (1933). 
7 The arrows in yy (qf) and yp(qet) represent the spins of 
the neutron and proton. 
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Fic. 1. Schematic representation of the radioactive a- 
and #-disintegrations from ThB to ThD, indicating 
various §-transformations leading to excited states of 
product-nuclei. 


and Heisenberg in exchange interaction with 
¥p(qil)¥w(ge]) whereas w(qi])¥r(qe| ) exchanges 
with ¥p(qi!)¥w(qge| ) according to Heisenberg and 
with ¥p(q!)¥w(qe]) according to Majorana. The 
matrix element MM, will correspond therefore to 
a superposition of the Majorana and the Heisen- 
berg forces in the ratio 2 to —1. If we want to 
obtain pure Majorana forces we must add M, 
and Mz; with equal coefficients. 


§2. 


We can now show that the new selection rules 
help us to remove the difficulties which appeared 
in the discussion of nuclear spins of radioactive 
elements® by using the original selection rule of 
Fermi. 

We shall discuss the sequence of transforma- 
tions in the thorium family leading from Th B 
to Th D (thorium lead) which is represented 
schematically in Fig. 1. First of all we can con- 
clude with a rather high degree of certainty 
that the normal states of Th B, Th C’ and Th D 
nuclei, possessing even atomic numbers and even 
mass numbers, have the spin 7=0.° The trans- 
formation Th B—Th C gives rise to a continuous 
8-spectrum with the observed upper limit 

§ Gamow, Proc. Roy. Soc. Al46, 217 (1934); Physik. 
Zeits. 35, 533 (1934). 

* For four elements of this type (2He*; ¢C"; sO"; 16S®) the 
absence of spin is directly shown by the band spectra; other 
13 investigated elements of this type (Cd; g¢Cd'; 
Cd's; ssBal®; soBal’s; solig?”; solig?™; solig?™: s2Pb™; 
s2Pb®; s2Pb2°§ = Th D) do not show any hyperfine structure 
which makes it very probable that their spin is also zero. 
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E3=0.362 MV and is accompanied by a very 
strong y-line hy=0.238 MV along with several 
much weaker lines. The number of secondary 
electrons (due to internal conversion of the 
y-line 0.238 MV in the K level) is according to 
Ellis and Mott!® about Ng=0.25 per disintegra- 
tion from which these authors conclude that it 
must correspond to a quadripole radiation. In 
fact the internal conversion coefficients for this 
frequency are, according to calculations of Mott 
and Taylor," ag=0.026 and a,=0.205 for dipole 
and quadripole radiation, respectively. Thus for 
the total number of y-quanta radiated by nuclei 
N,=Nz3/a we should have according to these 
two possibilities 9.6 or 1.2. Since this number 
should not be larger than unity we must exclude 
the possibility of dipole radiation and consider the 
y-line in question as due to quadripole transi- 
tion with the intensity almost one quantum per 
disintegration. The fact that the observed value 
is 20 percent larger than unity must be due to 
errors in the measurements of Ng or the calcula- 
tion of a. Accordingly we admit with Ellis and 
Mott that in this case we have 100 percent 
excitation of the quantum level 0.238 MV of the 
Th C nucleus. The total energy of the trans- 
formation is 0.362+0.238=0.600 MV and the 
observed upper limit of the 6-energies corre- 
sponds to the transformation Th Brorm—Th Cexe. 

The §-transformation from Th C to Th C’ cor- 
responds to the upper limit of the 8-spectrum 
E3= 2.25 MV and is accompanied with only very 
weak y-radiation. Thus we conclude that in this 
case the main transformation, 80 percent, takes 
place between normal states Th C porm—>Th C’ norm- 

Finally in the 8-transformation between Th C” 
and Th D the level 3.202 MV of Th D nucleus is 
(according to Ellis and Mott) excited to almost 
100 percent, the transition to the normal state 
occurring by emission of two y-lines 0.582 MV 
and 2.620 MV both with the absolute intensities 
of the order unity. Thus the observed upper 
limit of the 8-spectrum Eg= 1.79 MV corresponds 
to the transformation Th C” porm—>Th Dexe. The 
total energy of transformation being 1.79+3.202 
=4.99 MV. 

In Fig. 2 the logarithms of the partial decay 
constants of different subgroups of 6-spectra are 


10 Ellis and Mott, Proc. Roy. Soc. A139, 369 (1933). 
1 Mott and Taylor, Proc. Roy. Soc. A138, 665 (1932). 
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plotted against the logarithms of the correspond- 
ing upper energy limits.” 

The curves I and II correspond to Sargent’s 
permitted and nonpermitted transformations as 
estimated from different members of three radio- 
active families. We see that the main transforma- 
tion Th Brorm—Th C.xe corresponds to the curve 
I whereas the main transformation Th Cporm 
—Th C’ norm Corresponds to the curve II. From 
the original Fermi selection rule: Curve I: 
Ai=0; Curve II: Ai=0 or +1. We conclude that 
i(Th Coxe) =7(Th Brorm) =0. Since the y-line rep- 
resents a quadripole transition we have further 
1(Th Cyorm) =2. In this case the transformation 
Th Cyorm—Th C’ norm Should correspond to Az = 2, 
i.e., must belong to the third Sargent curve, 
which is in contradiction with experimental 
evidence, this transformation belonging to the 
curve II. 

The difficulty will be still not removed if we 
take the possibility into account that y-line 
0.238 mv corresponds to a magnetic dipole 
radiation. For this the coefficients for 
internal conversion have been calculated by 
Fisk and Taylor and are considerably larger 
than the corresponding coefficients for electric 
radiation. Accepting this possibility we obtain 
for the number of y-quanta hy =0.238 mv a value 
small compared with unity (weak excitation) and 


case 
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Fic. 2. Logarithmic plot of the relation between partial 
decay constants and corresponding upper energy limits for 
various components of complex §-ray spectra. 


12 Upper energy limits of different 8-subgroups are ob- 
tained by subtracting the excitation-energies from the total 
energy of transformation; partial decay constants are 
estimated from the total decay constant and relative 
excitation of different nuclear levels. 

13 Fisk and Taylor, Proc. Roy. Soc. A146. 178 (1934). 











SELECTION RULES FOR 
should be forced to accept that the observed 
upper limit of 8-spectrum corresponds to trans- 
formation Th Byorm—Th Cnrorm. This will lead 
again to contradiction with Fermi’s original 
selection rule first because the transformation 
Th Baorm—Th Cporm and Th Coorm—?Th C’norm 
corresponding to the same spin-change (because 
(Th Buorm) =2(Th C’ norm) =0) would belong to 
different Sargent curves and secondly because 
in this case both transformations Th Bhorm 
—Th Cporm and Th Byorm—Th Cexe being of the 
first Sargent’s class would lead to the conclusion 
1(Th Chorm) =2(Th Cexce) =2(Th Baorm) =0 which 
would exclude the possibility of any y-transition. 

Applying our modified selection rule, curve I 
Ai=0 or +1 curve II Ac=0, +1 or +2 we have 
the following possibilities 


nucleus :|Th BnormiTh Cexel Th Cnorm |Th oe (4) 
spin: | 0 (0 or +10, +1 or +2 0 i 
The possibility 7(Th Cyorm)=0 or +1 must, 


however, be excluded as in this case the trans- 
formation Th Byorm—Th C norm Would correspond 
to the curve I and consequently, because of 
larger energy, be more probable than Th Boorm 
—Th C,x-. There remains only the possibility 
i(Th Cyorm) =2 which is in good agreement with 
the quadripole-character of the +-transition. 
The transformation Th Byorm—-Th Crorm 
responding to Ai=2 cannot belong now to 
the first Sargent curve, i.e., it must be at 
least 100 times weaker than the main transi- 
tion, as can be seen from Fig. 2. This accounts 
for the fact that the corresponding ‘long range”’ 
component of the continuous 6-spectra of Th B 
has never been observed. Thus we see that the 
selection principle removes the difficulty 


cor- 


new 


originated in the case of the older rule. 

It must be pointed out, however, that accord- 
ing to the above considerations it is not possible 
to assign even proper functions to all nuclei with 
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even atomic number and even mass number. 
Because if the proper function of Th Buorm is 
even, the same is true for Th Cyx. (since the 
transition’ Th Byorm—Th Cexe lies on the first 
curve) and 1 — 5; . on 
*Th Cyorm is a quadripole transition). But 
Th Cyorm Th C'norm lies on the second curve 
and therefore the proper function of Th C’ porn 
is odd. This is unsatisfactory since it would be 
nice to substitute the rule that nuclei with even 
atomic number and even mass number have 7=0 
by the rule that the proper functions of these 
nuclei remain unchanged during any symmetry 


also for (since 


operation. 

Turning our attention to the 6-transformation 
leading from Th C” to Th D we see that the 
main transformation Th C” norm—?Th Dexe 
responds to the first Sargent curve from which 
we conclude that 7(Th C” norm) —2(Th Dexe) =0 
or +1. It can also be seen from Fig. 2 that the 
transformation Th C” norm—>Th Dnorm belongs at 
least to third, or still higher order, curve which 


cor- 


excludes the possibilities of 7(Th C” norm) being 
0, or +1. The excited 
Th D nucleus is connected with the normal level 
by two y-transitions, 0.582 mv and 2.620 mv, 
from which the 
This indicates that its spin will not be larger 
than 4, because by each y-transition Az < 2. This 
gives for 71(Th C” norm) the upper limit =5. Thus 
for the spin of normal state of Th C”’ nucleus we 
have the choice between 2, 3, 4 and 5; it seems 
however, to be necessary to accept the largest 
possible value 7(Th C” norm) =5 in order to have 
a sufficiently large difference between 
Th Cporm(@=2) and Th C"’ norm to explain the 
presence of strong fine structure of a-rays in the 
Th C-+Th C” transformation."* 


level 3.202 mv of 


second is surely quadripole. 


spin 





14 Gamow and Rosenblum, Comptes rendus 197, 1620 
(1933). 
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Mass Spectrograph Analysis of Bromine’ 


Joun P. BLEwett, Princeton University 
(Received April 20, 1936) 


An attempt has been made to observe a third isotope of bromine to explain the three periods 
of the artificial radioactivity induced by slow neutrons. Neither of the expected isotopes is 
present to more than 1 part in 3000. The relative abundance of the known isotopes was meas- 
ured. The processes of formation of positive and negative ions of bromine by slow electrons were 
studied and values were deduced for the heat of dissociation of Br2 and for the electron affinity 


of Br. 


A. INTRODUCTION 


MASS spectrograph study made by Aston? 

in 1920 showed that bromine is composed 
for the most part of two isotopes of masses 79 and 
81, in approximately equal abundance. This is in 
accordance with the empirical law that elements 
of odd atomic number do not as a rule have more 
than two isotopes. Investigations*:* of the dis- 
integration of bromine by slow neutrons, however, 
revealed three artificially radioactive products. 
Two of the reactions were presumably : 


35 Br? + on'—;;Br®°—3¢Kr +e— 
35Br®!+ on'—;,Br?’—3,Kr™’+e-. 


All three products were shown by chemical tests 
to have the properties of bromine. Hence it 
becomes necessary either to postulate the exist- 
ence of a third isotope, or to assume that one 
of the known isotopes is disintegrated in two 
ways—a phenomenon which has no known 
parallel. The present investigation was under- 
taken in the hope of revealing a third isotope. 
It was expected that the new isotope would have 
a mass of 77 or 83. An isotope of mass 78, when 
it took up a neutron, would go into Br’ which is 
stable; hence this would not explain the third 
radioactive period. Isotopes of masses 80 and 82 
are shown to be unstable by the processes of 
disintegration of the known isotopes 79 and 81. 

With the mass spectrograph employed in this 
study it was possible to make determinations of 
the relative abundance of the known isotopes. 


1 Abridged from a thesis presented to the Faculty of 
Princeton University in candidacy for the degree of Doctor 
of Philosophy. 

*,Aston, Phil. Mag. 40, 628 (1920). 

* Kurtchatow, * Myssowsky and Roussinow, Comptes 
rendus 200, 1201 (1935). 

* Rasetti, unpublished. 


Observations were made also of the processes of 
formation of both positive and negative ions of 
bromine by slow electrons. 


B. APPARATUS 


The apparatus was essentially a Dempster 
type mass spectrograph. It was constructed in 
demountable sections so that it could be taken 
apart conveniently and cleaned. 

The ion source was housed in a glass tube as 
shown in Fig. 1. The ions were produced in the 
field-free chamber J when slow electrons collided 
with atoms of the gas. The electrons were 
emitted from a hot filament F and accelerated 
by a constant drawing out voltage of 100 volts 
applied between F and the slit S;. They were then 
retarded to the desired energy by a reverse 
voltage of 0-100 volts applied between the slits 
S; and S:. The path of the electrons was parallel 
to the direction of the magnetic field so that the 
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effect of stray magnetic fields was reduced to a 
minimum. A short side tube £ fitted over a 
circular plate which carried the entrance slit to 
the magnet space. The ions formed in J were 
drawn out through the slit S; by a field of 0-1 
volts applied between the slits S; and S,. They 
were then accelerated into the magnet space by 
the analyzing voltage of 0-500 volts between 
slits S,; and S;. Both the slit S; and the exit slit 
of the magnet space were 1/10 mm wide. The 
ionization chamber and the slits were constructed 
of sheet nichrome. 

A magnetic field of 0-6000 gauss was provided 
by a Pye electromagnet. The pole pieces were of 
Armco iron and took the form of half-cylinders, 
15 cm in diameter and 5 cm long, which were 
mounted with their flat faces horizontal. The 
pole faces served as the side walls of the magnet 
space. The magnet space was enclosed by a brass 
housing which was made vacuum tight with 
Apiezon W wax. Baffles were introduced to define 
the beam and to prevent ions reflected from the 
walls from reaching the collector. A separate 
pump lead was provided for the magnet space so 
that a low pressure could be maintained by a 
process of differential pumping. 

It was found that bromine reacted much more 
strongly with the iron of the pole faces than with 
the brass walls, so the poles were removed and 
plated in a cyanide plating bath, with a thin 
layer of copper. 

Since bromine reacts strongly with stopcock 
grease and mercury, the supply of bromine was 
kept in an all-glass gas handling system. A small 
quantity of liquid bromine supplied the vapor 
which flowed through a fine capillary leak into 
the ionization chamber. The pressure behind the 
leak, and hence the pressure in the ionization 
chamber could be controlled by varying the 
temperature of the liquid bromine. After leaving 
the ionization chamber through the pump leads 
the gas was frozen in liquid-air traps and thus 
prevented from reaching the mercury diffusion 
pumps which maintained the vacuum. 

After analysis in the magnetic field, the ions 
were collected in a Faraday cage and the ion 
current was measured by an electrometer tube 
circuit employing a Western Electric D-96475 
electrometer tube. 


C. Isotropic CONSTITUTION OF BROMINE 


A search was made for isotopes in the mass 
range from 73 to 87, but no new isotopes were 
found. The positive ion peaks are shown in Fig. 2. 
The negative ion peaks proved to be somewhat 
sharper, as may be seen by comparing Fig. 2 
with Fig. 3. This is probably due to the fact that 
dissociation of the Br. molecule into a positive 
ion and a neutral atom involves the production 
of more kinetic energy than does the dissociation 
in which a negative ion is produced. 

To prove that isotopes of small relative 
abundance would show up in such a test, runs 
were taken on the neon isotopes whose relative 
abundance is well known. The correct relative 
abundance was obtained within the experimental 
error, and it was noted in addition that the peaks 
were all of the same shape regardless of their 
height. 

The amount of a new isotope which would 
have resulted in a peak definitely resolvable 
from the background, and hence the degree to 
which such an isotope is not present, is given for 
the masses considered, in Table I. 

When the apparatus was first set up, before 
gaseous impurities had been removed, large 
hydride peaks appeared at masses 80 and 82, as 
shown by Fig. 4. A peak was observed at mass 83 
and was thought at first to be due to a new 
isotope, but it disappeared with the hydride 
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Fic. 2. (left) Positive ion peaks of bromine isotopes. 

Fic. 3. (center) Negative ion}peaks of bromine isotopes. 

Fic. 4. (right) Positive ion peaks of bromine isotopes 
when hydrides are present. 
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TABLE I. The known isotopes of bromine have masses 79 and 
81. The following isotopes do not exist in amounts 
greater than the abundance ratios indicated. 


MAss PRESENT TO LEss THAN Mass PRESENT TO Less THAN: 


73 ~=1 part in 24,000 82. 1 part in 400 
74 ei 12,000 83 - 3,000 
75 8,000 84 8,000 
76 6,000 85 8,000 
77 3,000 86 12,000 
78 400 87 24,000 
80 2,000 


peaks. Probably it was due to an H.Br* ion 
which might be stable in the same manner as is 
the H;* ion. No negative ions of the bromine 
hydrides could be detected, so that in general the 
negative ion peaks provided better material in 
the search for new isotopes. 

The relative abundance of the known isotopes 
was measured and the ratio 


abundance of mass 81/abundance of mass 79 


was found to be 0.975+0.025. This value was 
checked by measurements on the doubly charged 
positive ions and the negative ions. Assuming 
that no other isotope is present, this gives for 
the composition of bromine, 50.6+0.6 percent of 
mass 79 and 49.4+0.6 percent of mass 81. 
Combining this with Aston’s values of 79.929 
+0.004 and 80.930+0.004 for the masses of the 
isotopes, we deduce a value for the atomic weight 
of bromine of 79.92+0.02 on Aston’s scale, or 
79.90+0.02 on the atomic weight scale. This 
agrees within the experimental error with the 
international atomic weight of 79.916. 


D. PROCESSES OF IONIZATION IN BROMINE 


The heights of the Br*+, Br2+ and Br++ peaks 
were studied as functions of the electron energy, 
and appearance potentials were deduced for all 
three. Errors due to contact potentials were 
eliminated by calibrating the electron energy 
scale from the known ionization potential of 
argon. The observations are plotted in Fig. 5. 

Br* appears at 13.7+0.5 volts. The ionization 
potential of atomic bromine is known from 
spectroscopic data to be 11.80 volts.* Subtracting 
this value from the appearance potential of Br*, 


’ Bacher and Goudsmit, Atomic Energy States (McGraw- 
Hill, 1932), p. 93. 
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Fic. 5. Curves showing appearance potentials of bromine 
ions as compared with argon. 


which we assume to be produced by the process 
Bro—Br+Brt, we obtain a value of 1.9+0.5 
volts for the heat of dissociation of Bre. This is in 
good agreement with the value of 1.96 volts 
quoted in the International Critical Tables, indi- 
cating that very little kinetic energy is evolved in 
the dissociation of Brz by slow electrons. 

Br.+ appears at 13.0+0.5 volts which agrees 
within the experimental error with the value of 
12.8 volts obtained by Mackay.*® 

Br** appears at 39.5+1.0 volts. If we assume 
that this ion is produced by the process 
Br.2—Br+Br*+* we must conclude that the ioni- 
zation potential of Br* is 39.5—1.9 (heat of 
dissociation) — 11.8 (ionization potential of Br) 
= 26.8 volts. This disagrees seriously with the 
spectroscopic value of 19.1 volts obtained by 
Deb.’ If Deb’s value is correct, either the Br or 
the Br++ must be left in an excited state having 
an energy of 26.8—19.1=7.7 volts. Two levels 
whose energies agree within the experimental 
error with this value, exist in the spectrum of 
neutral atomic bromine, namely a ‘P state at 8.0 
volts and a ?P state at 8.4 volts. 

Negative ions, both of Br~ and Br2~ were 
found in large quantities, the peaks being of the 
same order of magnitude as the positive ion 
peaks. The height of the negative ion peaks is 
shown as a function of electron energy in Fig. 6. 
The height of the Br~ peak rises to a sharp 
maximum at an electron energy of 2.8 volts—an 
effect similar to that observed by Lozier® in the 
case of O-. These ions are formed with kinetic 
energy, as was shown by a definite shift in 


6 Mackay, Phys. Rev. 24, 319 (1924). 


7 Deb, Proc. Roy. Soc. Al27, 197 (1930). 
8 Lozier, Phys. Rev. 46, 268 (1934). 
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electron energy. 
position of the peak with varying electron 
energy. This kinetic energy was measured by 
observing the height of the Br~ peak when a 
retarding voltage was applied between the slits 
Ss; and S, (Fig. 1). The peak disappeared for a 
retarding voltage of 2.3 volts. We can now 
deduce the electron affinity of Br from the 
equation : 
Electron energy (2.8 volts)+Electron affinity = Heat of 
dissociation (1.9 volts)+ Kinetic energy (2 X2.3 volts). 


This gives an electron affinity of 3.8+0.2 volts, 
which agrees with the values of 3.77 and 3.60 
calculated by Sherman® and Mayer and Helm- 
holz'® from the Born-Haber cycle. 

The remainder of the curve may be due to the 
process Bra—Br~+Br*. It seems to rise in the 
neighborhood of the appearance potential of Br*. 
The Brz~ peak is difficult to explain. Since it 
reaches a maximum at about the same point as 
the Br~ curve begins to rise it may be involved in 


* Sherman, Chem. Rev. 11, 93 (1932). 
1 Mayer and Helmholz, Zeits. f. Physik 75, 19 (1932). 
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the same process. The shape of the Br~ curve 
above about 10 volts and the whole Bre~ curve 


were very sensitive to the operating conditions. 
For low electron currents (10 microamp.) the 
height of this region of the Br 
small compared with the height of the maximum 
at 2.8 volts, but as the current is increased to 500 


curve becomes 


microamp. it becomes several times as high as 
this maximum. The Br2~ curve behaves in much 
the same way and it seems probable that some 


sort of space charge phenomenon is involved. 


CONCLUSION 


E. 


The relative yields of the three radioactive 
products of bromine are given by Kurtchatow 
and her collaborators as approximately 6 :5 : 1, 
corresponding to half-lives of 18 minutes, 4.5 
hours, and 36 hours. We must conclude, if the 
third product is due to a third isotope of mass 77 
or 83, that its cross section for disintegration by 
slow neutrons is at least 3000/6 or 500 times as 
great as that of either of the others. If either of 
the other periods is due to an isotope of mass 77 
or 83, its cross section must be greater than 
15,000 times that of one and 2500 times that 
of the other. Many of the nuclei which present 
large cross sections to slow neutrons can be 
represented by M=4n+3 where M is the mass 
number and n is an integer. This would suggest 
that the third isotope, if present, has a mass of 83. 

The writer wishes to express his appreciation 
of many helpful discussions with Professor H. D. 
Smyth and Professor W. Bleakney. 
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The Photoelectric Effect of the Deuteron 
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Theoretical cross sections for the dissociation of the 
deuteron by absorption of y-rays, the Chadwick-Goldhaber 
effect, have been calculated, by using a square well law of 
potential, both of the ordinary type and of the Majorana 
type. The curves of cross section as a function of energy 
for various assumed widths are given. For widths less than 
2107 cm they are quite similar in shape for either type 
of interaction. For greater widths the ordinary potential 


HE problem of the nature of the interaction 

between proton-neutron and proton-proton 
is basic to all theoretical work in nuclear physics 
and therefore is deserving of detailed consider- 
ation from every point of view. There seem to be 
at present three possible ways of getting inter- 
action laws: (1) Study of angular distribution 
and magnitude of scattering, such as the scatter- 
ing of protons and neutrons in hydrogen, (2) in- 
terpretation of mass defects of atoms, and (3) 
the study of the Chadwick-Goldhaber effect! or 
photodissociation of nuclei. Already there is 
quite an extensive literature devoted to the 
problems presented by the first two methods. In 
this paper we examine the situation with regard 
to the information about proton-neutron inter- 
action that is obtainable from studies of the cross 
section for the photodissociation of deuterons by 
y-rays of more than 2.2 MEV energy. 

The deuteron is the simplest of nuclei heavier 
than H! and occupies among them a position 
analogous to that of the hydrogen atom in the 
theory of atomic spectra. One may expect that 
a study of its properties will be essential for the 
development of views about the structure of 
nuclei and that the relative simplicity of the 
mathematical concepts involved in its treatment 
will make the information derivable from its 
study more definite than that obtainable from 
studies of heavier nuclei. We have thought it 
of interest, therefore, to calculate the theoretical 
cross section for photodissociation in some detail 
so as to make it possible to plan experiments 
which can throw light on the type of interaction 


1 Chadwick and Goldhaber, Nature 134, 237 (1934); 


Proc. Roy. Soc. A151, 479 (1935). 


shows a fairly sharp peak at 4.7 MEV (for a width of 
4x10- cm) whereas the Majorana shows for the same 
width a much flatter maximum at 6.2 MEV. It is pointed 
out that suitable measurements of relative cross sections 
would give a means of telling which type of interaction is 
obeyed and give an approximate figure for the range of 


interaction. 


involved as well as on the spatial extension of the 
forces between neutrons and protons. 

Calculations of the cross section of the deu- 
teron for this process have already been made by 
Bethe and Peierls® for interaction forces of ex- 
tremely short range. Independently, Massey and 
Mohr* have made some calculations for finite 
ranges of interaction, using both the square 
potential well and a law of force of exponential 
type. They found the cross section to be sub- 
stantially the same for the two types of force 
law and they also found that an increase in the 
range of force brings about an increase in the 
expected cross section. Their calculations are the 
most complete of those that have been published 
so far but they are not complete enough inasmuch 
as only the Wigner types of forces are used and 
the variation of the cross section with radius is 
not discussed in much detail. Later, Mamasach- 
lisof* published an extension to the Bethe-Peierls 
calculations which takes into account the nuclear 
radius to the first order but unfortunately the 
first term of his formula is too large by a factor 
2 and the second by a factor 4. The first-order 
correction is correctly given by Hall® whose re- 
sults are in agreement with those of Massey and 
Mohr as well as those presented in this paper. 

This first-order correction is entirely due to the 
effect of the range of interaction on the shape of 
the S wave function of the bound state. The dis- 
cussions of this state by the Wigner and Majorana 
interactions are identical and it is thus impossible 

2 Bethe and Peierls, Proc. Roy Soc. Al48, 146 (1935). 

’ Massey and Mohr, Proc. Roy. Soc. A148, 206 (1935); 
Nature 133, 211 (1934). 

* Mamasachlisof, Physik. 
(1935). 

5 Hall, Phys. Rev. 49, 401 (1936). 
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to distinguish between these types of interaction 
by considerations of the first-order effect. Higher 
order effects involve also changes in the p state 
with range and for this state the use of Majorana’s 
operator brings about effectively a repulsion as 
contrasted with the attraction which would be 
used in Wigner’s treatment. It will be seen as the 
result of the calculations given below that the 
higher order effects are large for sufficient energies 
of the y-rays and that it should be possible to 
make use of them in distinguishing between the 
two types of interaction. 

Interpretation of observed cross sections in 
terms of the force-law is complicated by the fact 
that dissociative transitions caused by magnetic 
dipole interaction of the y-rays with the deuteron 
are of importance comparable with the more 
familiar electric dipole interaction. The impor- 
tance of the magnetic dipole contribution for the 
inverse effect—capture of neutrons by protons 
with emission of y-rays—has already been em- 
phasized by Fermi® who also gives a formula for 
the magnetic dipole cross section of the photo- 
dissociation of deuterons by y-rays. The mag- 
netic dipole effect has also been investigated by 
Bethe, Peierls, Teller and Wigner in a paper 
which, unfortunately, is not being published. 
The magnitude of the magnetic dipole cross 
section may be one-half or one-fourth the electric 
dipole effect, according to whether the ‘S level 
of the deuteron (which interpretation of scatter- 
ing cross sections places within 50 kv of the dis- 
sociation limit) is unstable or stable. 

Now the experimental value for the cross 
section obtained by Chadwick and Goldhaber is 
actually smaller than that given by theory for 
the electric dipole effect alone, using extremely 
short range neutron-proton forces. So inclusion 
of the magnetic dipole effect only makes matters 
worse. The situation is not that of a definite 
contradiction between theory and experiment 
since the experimental measure of the proton 
energy is apparently uncertain by 80 kv in 240 
kv. If the proton energy is really only 160 kv 
instead of 240 kv, this would correspond to a 
reduction by a factor } of the corresponding 


theoretical electric dipole cross section. 

When sources of much harder y-rays become 
available, however, these difficulties become less 
®* Fermi, Phys. Rev. 48, 570 (1935). 


important. The magnetic dipole effect drops 

off rapidly with increasing energy so that for 

6-MEV y-rays it contributes only about 3 

percent of the cross section. For such y-rays the 

energy of the protons would be about 2 MEV 
and so could be accurately determined by meas- 
uring their range if the y-ray energy were not 
already known from other work. In the hope of 
stimulating the interest of experimentalists in 
this problem we have therefore worked out the 
theoretical cross sections in their dependence on 
energy and the assumed force-law in some detail. 

The calculation is arranged below so as to have 

explicit formulas for the most general type of 

interaction laws. Closed expressions for contri- 
butions to the matrix elements due to regions 
outside the interaction region will be given. 

These are often the main parts of the matrix 

elements. The formulas will then be specialized 

for the case of a ‘‘square well.’’ The notation used 
is as follows. 

o=collision cross section for the incident photon; 

M =mass of proton; 

E=sum of kinetic energies of proton and neutron after 

dissociation ; 

e=absolute value of binding energy of the deuteron, 

V = potential energy; 

D =constant depth of potential hole if it is ‘‘square’’; 

a=nuclear radius=distance between proton neutron 

beyond which their mutual potential energy van- 
ishes; 

hy =energy of photon; 

v=relative velocity of proton and neutron after dis- 

sociation; 

¥ =hy, é;a>= (Me ; h; B2= (ME)}, h. 

For ‘‘square”’ hole: 

B= Mi(D—e)'/h; 8, = M1(D+E)*/h; 

r=distance between proton and neutron; z=£r, 

2, =Bir; Z2=Bor; 

u =regular solution of radial wave equation for s terms: 
@u 2du . 
a+ +(M/h*?)(E—V)u=0; 
dr rdr 

N =normalization factor for s terms defined by 
4nN? {~ rutdr=1; 
Jo 

F=sin 22/2;—cos 22; G=cos 2,/2;+sin 29; 

F/r=regular solution of radial wave equation for p terms 
normalized so as to make F asymptotic to a sine 
wave of unit amplitude at infinity; 

F;/r=any (not normalized) regular solution of the radial 
equation for p terms in 0<r<a; 

F’ =dF/dz,, F;' =dF;/dzz, etc.; unless otherwise specified 
the ’ stands always for d/dz»; 

h=Planck’s constant; 4 = Dirac’s constant. 
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For any shape of “‘hole’’ one finds by standard 
methods making use of Einstein’s absorption 
probability expressed in terms of matrix ele- 


ments: 


12 


| be | 
o = (162°/3) (e?/hc) (v/v) N?| | ruFdr|. (1) 


;¢0 


This formula should hold for y-rays having a 
wave-length large in comparison with the dimen- 
sions of the deuteron provided it is correct to 
represent the effect of the y-ray by a term —eE-r 
in the Hamiltonian. Here E is the electric vector 
of the y-ray and r is the displacement of the 
proton. In fact such a term gives the above for- 
mula in Schrédinger’s treatment of absorption. 
Its use is correct and logical if the interaction 
between neutrons and protons arises from an 
ordinary potential. For Majorana forces one may 
formally also use such a term. The complete 
consequences of doing so do not appear to have 
been investigated from a theoretical point of 
view. One may give arguments in favor of using 
such a procedure. Thus it gives correct results 
for cases in which the binding between the proton 
and neutron is weak and the use of the same 
form of the interaction energy for cases of finite 
coupling between protons and neutrons appears 
to be the simplest mathematical procedure. For 
finite binding the effect of a constant field is very 
reasonably represented by the same interaction 
term. It should be noted, however, that the use 
of this or any other type of interaction with radi- 
ation is speculative and that the usual connection 
of quantum theory with the classical is estab- 
lished with more difficulty for forces of the 
Majorana type than usually. Thus a wave 
packet formed out of Majorana wave functions 
will describe a condition in which the proton and 
the neutron parts of the wave packet change 
places at a rate determined by the binding 
between the proton and neutron. Under such 
conditions the classical analogy breaks down and 
one does not have a real justification for the use 
of standard interaction energies. According to an 
observation of Feenberg’s kindly communicated 
by him to us the f sum rule of Thomas and Kuhn 
does not hold for systems with Majorana’s forces 
because the classical relations <=p,/m are 
violated in such systems. This fact throws addi- 
tional doubt on the use of —eE-r because the 
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interaction of photons having energies high in 
comparison with the binding is as a consequence 
definitely nonclassical. There is thus no point at 
which a close connection with classical theory 
can be established in the same sense as for 
forces of the ordinary potential type. 

It has been suggested by Massey and Mohr 
following a related discussion of Taylor and Mott 
that dipole radiation should disappear altogether 
for Majorana systems. This is a too stringent 
point of view since for loosely bound systems one 
may discuss conditions satisfactorily by usual 
means. 

The use of an interaction energy —eE-r is 
equivalent for long wave-lengths to using 
— (e/c)A-t where A is the vector potential. The 
latter form of the interaction energy is correct 
whenever ef can be identified with the electric 
current. For systems obeying ordinary interac- 
tion laws such an identification is very reason- 
able. For systems governed by exchange forces 
it is not so immediate because the operators ef 
represent only the part of the current due to the 
motion of the separate particles. It is conceivable 
that the exchange of particles also contributes to 
the electric current in a manner not directly 
describable by following the motion of the 
charged particle. A complete understanding of 
this question presumably requires a better in- 
sight into the nature of heavy particles and their 
interactions than that which we have at present. 
Being unable to see the situation more fully we 
use Eq. (1) even though one cannot be absolutely 
sure of its validity. For a “hole’’ of any shape 
and for either the Wigner or Majorana type of 
interaction 
F=N,F;,(r)/Fi(a) (r<a), (2a) 


F=N,[F./G—G,' F+(Fi'/Fi)a(FGa— F.G) | 


(r>a), (2b) 


where N, for p states is given by 
N,=[1—22-?-+-2274+ 22-3(F'/F;) 
+(1+22°)(Fi’/F;)* Ja“. (2c) 
The correctness of (2a), (2b) to within the 
common factor N, is verified most easily using 
the relation F’G—FG’=1. The form of the 


factor NV, has been specialized to p states and to 
a force free condition in r>a. In the above for- 


a en 
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mulas the suffix a indicates that the quantity is evaluated at r=a. Asa rule the most important part 
of the integral in (1) is from a to «. A general form of this integral is obtained with (2b) and is 
given by 
pe - 
ruFdr= N, Be 2(1 +a’Bo *)-2u(a) ; 220 2+ a?Bo 2—] +2aBe IS0 1+ a@B> (1 +a’Be 2 \Se 

+ (F,’ F;)[ 22+ 222 1+ q7Bo Se 2aBeo Sl e. 3 


To this one must add the integral from 0 to a which depends on the shape and size of the hole and 
which can usually be estimated for low energies and radii with sufficient accuracy without precise 
calculation. 

For a square hole the s state is described by 


ru=sin Br (r<a); ru=sin Ba-e~*""-® (r>a). 4) 


The boundary conditions at r=a give 


scot 2= — ada. {) 
The normalizing factor N on using (4) and (5) can be put into the form 
2r(1+aa)N?=a. (6) 


For ordinary interactions one has as a result of calculation making use of Eq. (5): 


e ’ | 268;° ad 21 sin 21 2(1+aa)+a*(8;*- B*)) 
[ r’uiFdr=N, sin 2 — 
9 | (g,2—g?)? BY- B° F; a*(B;" —_ B*)? 


all quantities on the right side being taken for r=a. Adding this to the integral given by (2) the 
expressions simplify on using 


62 —B?=a?+8.”. (8) 


By substituting the value of NV, and by using in it the expressions for F; appropriate to the square 
hole it is found that 


[ (aa)?+ (Ba)? ](Ba)? 


Oo>COpBP " 9a) 


(1+aa)[ (Z; sin 2;) /Fy— 29”)? +97( (2; sin 21) /F; Ja 
where opp= (82/3) (e?/hc)a*y4(y —1)! (9b) 
is the value of ¢ for a=0 obtained by Bethe and Peierls. In applying (9a) it is convenient to use 
2;°=(Ba)*+~y(aa)?; 2.2=(aa)*(y—1); Fi=sin 2;/2;—cos 2}. (9c) 
For a=0 both 8a and z; approach 2/2 and o approaches gp as it should. Eq. (5) determines z= a 


for a given aa most easily graphically by plotting z cot z or else by an expansion.’ Eqs. (9c) give 2, 
zo, and F;.§ Numerical calculations can be checked by using the sum rule 


f a(v)d(hv) = re*h/2Mc. (10) 


For the Majorana potential there is effectively repulsion in the p state which tends to push the p 
wave function out of the region r<a. The kinetic energy E may be either smaller or greater than the 
potential energy in this region. Only the first case is considered here in detail because it has the 
greater practical interest. For this case the quantity 


* Wigner, Zeits. f. Physik 83, 253 (1933). Breit, J. Terr. Magn. and Atmos. Elec. 40, 443 (1935). See 
* The function F; is tabulated in Yost, Wheeler and Table I, and Table Io for z cot z. 
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a,=M'(D—E)'*/h (11) 
is real. It is convenient to use the abbreviation: 
Q=a,a sinh aa (sinh a,a)/a;a—cosh aja}. (12) 
It is then found that: 
o/opp=ty*(y—1)7a*(1+aa)™ | ruFdr|\ , (13) 
“e 
at | ruFdr= N, sin Ba-y~?{ —2(y—1) +aay—QOLy+2(1+ aa) (aa) ]}}, (13’ 
a 
2a = 
a’ | r'uFdr=N, sin Ba(2D/e—-y)~*| (2D/€)(aa—1)+2(y—-1) —vyaa+Q[2(1+aa) (aa) 
“0 
+y—2D/e]}}, (13”) 
N,2=224( (Q+227)? +2270? |-}, 
which give on substitution into (1) 
o/opp=} sin? Ba(1+aa)—"(1 — ye/2D) 4 (0 +22")? +2279? J: { (ve /2D)[(aa)*(3y —4— yaa) 
+Q(ya*a? +4 1+ aa) ) ]+ (aa 2, —2(y —1 )+ aay ]|—QOlLy(aa 2+ 2(1+aa ) }}?. (14) 
Another form is 
o/onp=}(aa)‘ sin? Ba(1+aa)—"(A + B)?/C, (15) 


where 


A =72(2D/e—y)™ {aa — 2ai?(6? +a?) — O[1 —2(1+aa)(aa)-*(2D/e—y)“")}; 


4 


B=2(1+aa)(aa)-*+2—y+yaa+P.a[2(1+aa)(aa)*+y]; 


C=1—22+24+2P2+ (1 +29") P22,?; 


P=F;'/F;. 


Here A is proportional to the contribution to the 
integral from 0 to a, while B is proportional to 
the contribution from a to «©. Numerical cal- 
culations can be made either by means of (13) 
combined with (13’) and (13’’) or else by (14) or 
by (15). The forms (13) and (15) keep track of 
the contributions to the integral due to r<a and 
due to r>a. 

As the formulas are too complicated for one 
to be able to recognize their properties by in- 
spection we have calculated the cross section for 
the range of values likely to be of interest experi- 
mentally, namely, for y-ray energies from 2.2 ade 
MEV to 11 MEV and for the widths a=1, 2, 3 a ane 





and 4X10-" cm. The results are shown in Figs. 
1 to 5. All calculations for these graphs were 
made with the same value of a (0.231 10") and 


Fic. 1. Dependence of cross section on range and type of 
interaction law at the photoelectric threshold, £=0. 
Ratio ¢/ogp is plotted against a in 10- cm. P refers to 
ordinary, M to Majorana, interaction. 
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Fic. 2. Dependence of cross section on range and type of interaction law for energies up to 
E=8.8 MEV. Ratio ¢/cgp is plotted against E in MEV. Curves are labeled by value of a in 
10-* cm. Fig. 2a is for ordinary, 2b for Majorana, interaction. 


of e (2.2 MEV). It is easy to change these graphs 
to other values of « or universal constants by 
remembering that ¢/ogp is a function only of y 
and aa since aa determines Ba and D/e. Thus if 
eis changed to e’ each graph gives the right value 
of ¢/ogp for a radius a’ =a(e/e’)! and the y-ray 
energy for each point is hy’ =(e'/e)hy. 

Fig. 1 shows the effect of the range of the 
interaction force on the cross section in the limit 
of energies near the “photoelectric threshold,”’ 
E=0. The curves are the ratio ¢/egp plotted 
against a, at E=0, the one marked P being for 
ordinary potential, that marked M for the 
Majorana law. Both are tangent to the line, 
1+aa, at small values of aa. This straight line 
corresponds to the values given by Hall. 


Figs. 2a and 2b are graphs of ¢/ogp as a 
function of E in MEV for various values of a, 
Fig. 2a referring to ordinary and Fig. 2b to 
Majorana potential. These bring out clearly 
that the two kinds of interaction behave quite 
differently if the range of interaction exceeds 
2X 10-" cm but for narrow ranges of interaction 
the results are pretty much the same. 

Figs. 3a and 3b are graphs of the electric 
dipole cross section, ¢, as a function of E in MEV 
for various values of a, Fig. 3a referring to or- 
dinary and Fig. 3b to Majorana interaction. For 
wide ranges of interaction the curves are quite 
different for the two forms. 

Perhaps the experimental possibilities are best 
brought out by considering what information 
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Fic. 3. 


Dependence of cross section on range and type of interaction for energies up to 


E=8.8 MEV. Absolute electric dipole cross section is plotted with 10-” cm? as unit, against E 
in MEV. Curves are labeled by value of a in 10-" cm. Fig. 3a is for ordinary, 3b for Majorana, 


interaction. 


could be obtained by a measurement of the 
relative cross section for y-rays of quite different 
amounts. In Fig. 4 we have plotted the ratio’ 
of the cross section for 8.8-MEV y-rays to that 
for 4.4-MEV y-rays, against the range of inter- 
action, a. Clearly if the experimental value of the 
ratio came out definitely greater than 0.65 one 


® Of course similar results will be obtained for any two 
y-ray energies of this general order; these values were 
picked simply for convenience, not because of any special 
properties. 


could conclude that the interaction is of Major- 
ana type and could get an estimate of a. If the 
experimental value were close to 0.65 the con- 
clusion would not be so definite but again if it 
were definitely lower one could conclude in favor 
of the ordinary potential and know that the 
range was between 3 and 4X10-" cm. 

Finally, Fig. 5 shows the ratio of the cross 
section for magnetic dipole to that for electric 
dipole in the limit a=0 calculated from a formula 
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Fic. 4. Showing dependence on we and type of 
interaction of ratio of cross section at hy =8.8 MEV to that 
at hy=4.4 MEV. Ratio is plotted soaieae a in 10°" cm. 
Curve P is for ordinary, M for Majorana, interaction. 


given in the unpublished paper of Bethe, Peierls, 
Teller and Wigner. The formula is 
(Zp—2n)* 


| Ci z(e'/e)'P 
om/ CRP >= = y"( 7 1 ) . c ~ “9 
4Mc?/e é /et+y—-1 


where ¢’ is the magnitude of the energy of the 
deuteron in its lowest |S level. The positive sign 
of (e’/e)! is to be used for the case in which the 
1S level is unstable, the negative sign in the case 
of stability. Fig. 5 is constructed for the case 
e'=46 kev and g,—g,=5. The positive and 
negative signs of the square root correspond 
respectively to curves marked +e’ and 
The relative importance of the magnetic effect 
diminishes rapidly with y so there is a consider- 
able advantage in working with 4.4-MEV y-rays 
instead of the 2.6 MEV y-rays. For 10 MEV the 


, 
o*¢ « 


y-ray wave-length is 120X10~-" cm, so even a 
nuclear size of 4X10-" cm, 
limit, is only 1/30 of the y-ray wave-length and 
are probably not 


a probable upper 


corrections for retardation 
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Fic. 5. Ratio of magnetic dipole cross section to electric 
dipole cross section at a=0, plotted against E in MEV. 
Curve +e’ refers to unstable, —e’ to stable, level for 4S 
level of deuteron at 46 kev from dissociation limit. 


important here.'° Potentials with long ranges 


can be made to influence p states even for low 
energies. By means of them it would be pos- 
sible to decrease the theoretically expected cross 
sections. 

We are indebted to Mr. F. L. Yost and Mr. L. 
Eisenbud for checking some of the arithmetical 
calculations. 

0 In discussing retardation effects for such problems it is 
convenient to use a somewhat more general method than 
is customary for atomic spectra. The interaction energy 
between light and matter is proportional to A-r. The 
vector potential A contains in it the factor e“** where it has 


been supposed that the light wave propagates in the z 
direction. This factor can be expanded 


we 
etke = Di"(2n+1)P,(cos 0) (4/2kr)tJn.4(kr), 
0 

where the P, are Legendre functions of order m and the 
Jn+4 are Bessel functions of order n+}. Each term in the 
sum when multiplied by ¢ or ¥ gives rise to a linear combi- 
nation of two spherical harmonics of order n+1. The first 
term of the sum gives rise only to a spherical harmonic of 
order 1. It can cause only transitions between states 
obeying the selection rule AL = +1 in accordance with the 
triangle rule for Gaunt’s integrals of products of three 
spherical harmonics. The values of the matrix elements are 
modified by the presence of J;(kr) in the integrand of the 
matrix elements rather than the first term of its power 
series expansion. The ratio of the second term to the first is 

— k®r?/6 = (22?/3)(r?/d*), where A is the wave-length of the 

y-ray. For r/A=1/30 this quantity is ~—1/150 and the 
saniaanlon for retardation to the dipole effect due to this 
cause is still of little importance. The only other term in 
the sum for e** which need be considered for an s—p 
transition is that corresponding to m=2 because n+1 
cannot be equal to 1 for any other term. The ratio of this 
term to the main one is found to be, on performing the 
angular integrations, k*r?/15 to the first order of #7? and it 
may also be neglected. 
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A Study of the First Spark Spectrum of Caesium as Excited by Electron Impact 


R. R. SuLLIVAN, University of Minnesota 


(Received June 28, 1935) 


An apparatus with which one may study the controlled excitation of spectra of volatile metals 
is described. Certain aspects of the optical excitation functions for several Cs II lines are given. 
Onset potentials have been compared with those predicted by existing energy level schemes. 
Possible transitions are suggested for two unclassified lines \\4264.7 and 4763.6. Of the two 
groups into which the Cs II spectrum divides itself, the lines coming from those terms built upon 
the ?P; state of Cs III show very broad excitation function maxima, while the lines coming 
from terms built upon the *P14 state of Cs III show relatively sharp maxima. 


INTRODUCTION 


HE purpose of this paper is to show some of 

the features of the optical excitation func- 
tions for certain lines of the caesium II spectrum. 
The expression, optical excitation function, which 
designates the relation between the intensity of a 
spectral line and the energy of the bombarding 
electron which caused it to be emitted was first 
used in 1919 by R. Seeleger! in order to avoid 
confusion with the expression, electrical excitation 
function, which designates the relation between 
the probability of excitation of a spectral term 
and the energy of the bombarding electron. Since 
that time the functions for several atomic lines of 
different elements and also for some molecular 
bands have been measured by different workers. 
Survey articles on the subject of optical excita- 
tion functions have been written by W. Hanle 
and K. Larche.? 

The theory of impact excitation has been 
attacked from the point of view of quantum 
mechanics and has been worked out for the 
simplest cases such as hydrogen-like atoms and 
helium atoms. Although approximate methods 
have been used agreement with experiment has 
been good.® 


APPARATUS AND MATERIALS 


The tube 


In this experiment the spectra were excited in 
a Pyrex tube whose design is shown in Fig. 1. 


1R. Secieger, Ann. d. Physik 59, 613 (1919). 

2? W. Hanle and K. Larche, Ergeb. d. exakt. Naturwiss. 
10, 285 (1931). See also Physik. Zeits. 33, 884 (1932); W. 
Hanle, Die Physik 2, 85 (1934). 

3 Mott and Massey, The Theory of Atomic Collisions 
(Clarendon Press, Oxford, 1933); Massey and Mohr, Proc. 


Essentials of the tube are the bank of equi- 
potential cathodes, the acceleration grids, the 
electron collecting cage, the re-entrant quartz 
window, and the light horn. With the exception 
of the oxide-coated nickel cylinder cathodes, the 
metal parts of the tube were of tantalum. The 
complete tube was covered with an oven. 

The electron emitting surface having an 
effective area of approximately 5 cm? consisted 

















Fic. 1. Sketch of the excitation tube. a, pump outlet; d, 
light horn; c, glass cane support; d, collector cage; e, tan- 
talum cap; f, quartz window; g, second grid; h, first grid; 
i, insulating glass bead; j, cathode assembly; &, aluminum 
tube; /, region of quartz-Pyrex seal. 

Roy. Soc. A132, 605 (1931); A140, 613 (1933); A146, 880 
(1934). 
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of the upper areas of 13 cylindrical oxide-coated 
cathodes. These cathodes were of the indirectly 
heated type, the heaters being connected in 
parallel. The acceleration grids were woven to a 
one millimeter mesh from 0.05-mm tantalum 
wire. The interior of the cage was equipped with 
a set of partitions to aid in the collection of the 
very wide electron beam. The leads and supports 
from the cage were carefully equipped with guard 
rings to collect any electrical leakage over the 
glass surface of the tube walls. 

The quartz-to-Pyrex seal in the 
tubing was necessarily rather long so the re- 
entrant seal was made in order that the light path 
from the excitation chamber through the vapor 
to the exit window would be short. This path was 
approximately 1.5 cm. In order to cut down 
reflections and stray radiations the window was 
equipped with a tantalum cap having an opening 
2.54 cm long and 0.3 cm high. Reflected light 
which traveled down the walls of the re-entrant 
tubulation was eliminated by means of an 
aluminum tube placed in the position shown in 
the diagram. The oven around the tube shut out 
other stray light. 

A smoothly tapering Pyrex tube gradually 
bent through a 90° angle served as a light trap to 
provide a black background opposite the quartz 
window. 


one-inch 


Caesium supply 


The caesium, prepared by heating a mixture of 
caesium chloride and calcium under vacuum in a 
hard glass tube, was distilled into a small tube 
attached to the lower end of the excitation tube. 
This small tube was equipped with an oven. 
Thus by adjusting the temperature of the 
caesium supply, the large tube could be kept 
filled with caesium vapor of the proper pressure. 
The large tube was kept at 100°C or more above 
the temperature of the caesium source. A steel 
ball which by means of a magnet could be rolled 
over the opening between the large tube and 
the pumps prevented excessive escape of the 
caesium vapor and yet allowed connection with 

the pumping system to be made when desired. 


Spectrographs 


Both a Hilger E-2 and a Hilger E-1 were used 
during the work. The slit of the E-2 was illumi- 
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nated by placing it at the end of the re-entrant 
tubulation of the excitation tube. The slit of the 
E-1 was illuminated by means of a double convex 
quartz lens. 


Rotating sector 


For calibration of the photographic plates a 
rotating aluminum sector of variable aperature 
was placed between the tube and spectrograph.‘ 
This sector similar 
movable with 
allowed a continuous range of opening from 0° to 
180°. 


consisted of two parts, 


respect to each other, which 


Plates and development 


Wratten and 
used. 


Eastman 40, Eastman 50, and 


Wainwright panchromatic plates were 
They were developed for five minutes at 21°C ina 
developer described by Valasek.® Both rocking of 
the tray and brush development were tried with 
about equal results. Plate densities* were meas- 
ured by means of a Moll microphotometer. For 
most of the measurements the self-recording 
device was not used, a galvanometer with a 50-cm 
swing being used in its place. 


Operation 


After the parts of the tube were adequately 
outgassed by baking and pumping and the 
drawing of current from the cathodes, the steel 
ball was rolled over the pump outlet and the tube 
filled with caesium vapor. The caesium oven and 
the cathode heaters were heated with a.c. current 
taken through step-down transformers from a 
voltage regulator. This was done so that the oven 
and the heaters might be operated at a constant 
temperature for a long period of time. (The ten to 
twelve amperes needed to heat the cathodes were 
admitted to the tube through eight lead-in wires 
at the bottom of the tube.) Electron accelerating 
voltages were taken directly from batteries, there 
being only very low resistances in the external 
part of the tube-current circuit. Electron emission 
currents up to 150 milliamperes were used in 


4See G. R. Harrison, J. Opt. Soc. Am. 24, 59 (1934); 11, 
341 (1925) concerning use of sectors for calibration 
purposes. 

5 J. Valasek, Phys. Rev. 29, 817 (1927). 

6 Density is defined as logio opacity. The opacity of a 
given area is defined as the ratio of the light passing an 
equal area of clear plate to that passing the given area 
when both are intercepting beams of equal intensity. 
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exciting the spectra. It was found that the 
steadiest conditions were obtained after continu- 
ous operation of the tube for several days. 


Tests of the apparatus 

Homogeneity of the electron beam was tested 
by the retarding potential method. It was found 
that the spread was approximately 0.6 volt for a 
5-volt electron beam and approximately 1.0 volt 
for 20-volt electrons. A measurement of the 
optical excitation function for the \2537 line of 
mercury gave results which agreed quite well 
with those of F. Ostensen.? This agreement 
indicated that secondary electrons were not 
causing trouble, since Ostensen’s tube was 
primarily designed to eliminate all secondary 
electrons. The agreement was further interesting 
in view of the fact that Ostensen used graded 
screens for calibration of his plates while the 
rotating sector was used here. 

The linear relation between electron current 
and intensity of lines shown in Fig. 2 indicated 
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Fic. 2. Line intensities vs. electron current in tube. 


clearly that, over the range of current given, the 
excitation was due to single-electron collisions. 
It also serves to justify the method of intensity 
calibration. 

While experiments showed that exposures of 
two hours duration could be taken with not any 
trouble from stray light, it was found that 
exposures of from five to thirty minutes were 
sufficient for good plates if a caesium vapor 
pressure of 2X10-* mm of Hg and an electron 
current of 50 milliamperes were used. 


7F. Ostensen, Phys. Rev. 34, 1352 (1929). 
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Corrections to the voltage scale to take care of 
contact potentials were made by reference to the 
strong Cs IT line, \4603.7, the scale being shifted 
so that the onset potential of this line agreed 
with the theoretical value. This theoretical value 
was obtained by adding to the ionization po- 
tential of CsI the energy of the level in Cs II 
(measured from the ground state of Cs II) from 
which the line is known to come.® It might be 
noted here that the correction to the voltage 
scale varied with the amount of covering of the 
cathodes by caesium, the correction becoming 
quite small under conditions where the covering 
was large. 

RESULTS 

Table I shows the lines found in caesium vapor 
with the E-2 spectrograph when the exciting 
potential was 30 volts. 

Figs. 3, 4, and 5 show how the density of 
different lines (as recorded by the Hilger E-1 
spectrograph on Eastman 50 plates) changed 
with voltage. Ten-minute exposures were used 
with a tube current of 50 milliamperes in a 
caesium vapor pressure of approximately 10-° 
mm of Hg. Fig. 6 gives the optical excitation 
function for \4603.7. Data A of Fig. 6 were taken 
from a plate whose exposure time was 5 minutes, 
while data B were taken from a plate whose 
exposure time was 30 minutes. The densities of 
the plates were reduced to relative intensities by 
means of calibration curves, a relative intensity 
of 100 being taken in each case for the value at 
43 volts. 

Table II gives a comparison of the experi- 
mentally found onset potentials with those 
predicted by the energy level scheme of Olthoff 
and Sawyer.® The position and character of the 
excitation function maxima are also indicated. 
The energy level scheme refered to may be 
represented by Fig. 7 where it has been separated 
into two sets of levels, one corresponding to those 
built upon the 5p°(?P,,) state of Cs III and one 
corresponding to those built upon the 5p°(?P;) 
state of Cs III. By referring to Table II it will be 
seen that those lines arising from transitions 
within the first set of levels have relatively sharp 
excitation function maxima, while those lines 
arising from transitions within the second set of 
levels have very broad maxima. 

8 J. Olthoff and R. A. Sawyer, Phys. Rev. 42, 766 (1932). 
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TABLE I. Caesium lines present in the spectrum excited by 30-volt electrons. 


Cs II 4870.0 
Cs II 4830.2 
Cs II 4786.4 
Cs II 4763.6 
Cs II 4732.9 
Cs IT 4646.5 
Cs II 4623.1 
Cs II 4616.1 
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Fics. 3, 4 and 5. Line intensities vs. the accelerating voltage applied to the tube. 
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55 65 75 6S 
Voltmeter Reading (volts) 


2829.4 
2816.9 
2793.3 
2789.8 
2700.0 
2635.9 
2627.9 
2610.1 
2600.4 
2596.9 
2544.0 


2539.2 


ee et et tt pt 
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TABLE II. Comparison of onset potentials in volts and the upper energy level as given by Olthoff and Sawyer. In the indi- 
cated transitions the odd terms are indicated by the symbol (°) attached as a superscript. In all transitions the term 
having the highest value is given first. 


WaAVE- 
LENGTH 
(A) 


4830.2 
4952.8 
4603.7 
4526.7 
4277.1 
4501.5 


4879.9 
4870.0 
4616.1 
4786.4 


4538.9 
4288.4 
4363.4 
4264.7 


4405.2 
4732.9 


TRANSITION AS GIVEN BY 
OLTHOFF AND SAWYER 


5p'(?P146p)22 —5p5(??Py 6s)'P2° 


@Py 6p)2, 
?Py 6p)3 

@Py 6p)4, 
@Py 6p)52 
CP y 6~)6o 


5p5(?Py 6p)2, 
(*Py 6p)32 
¢p 
(?P; 6p)4o 
(?Py 6p)40 


5p>APy 6d)2,.° 
(P14 6d)3,° 
@P,y 6d)5;° 


= CGP y 6s )sP,0 
— (Py 6s)'P,° 
—_ CPx 6s )3P,° 
= CPy 6s)3P,° 
— (Py 5d)1,° 


— 5p*(2P, 5d, 6s)4,° 
—  (?P,; 5d, 6s)4,° 
_ ?Py 5d, 6s)4,° 
— (2P; 5d, 6s)5,° 


—5p'?Pi4 6p)52 
= CGPy 6p)4:, 
— (Py 6p)52 


5p°(?Puy 7s)8P—5Sp'APy 6p) 11 
@Py 7s)8PY— CGPy 6p)2.2 
CGPy 7s)8P— CPx 6p)3s 


ENERGY 
UPPER 
STATI 
(volts) 


19.69 
19.69 
19.81 
19.88 
19.99 
20.31 


21.58 
21.58 
21.70 
21.70 
22.70 
22.29 
22.84 
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APPROXIMATI 
POSITION OF 
MAXIMUM 

(volts) 


34 sharp 
36 medium 
32 sharp 
33 sharp 
33 sharp 
33 sharp 


Very broad 
Very broad 
Very broad 
Very broad 


33 sharp 
37 rveedium 
3€ medium 
33 sharp 


35 sharp 

39 medium 
39 medium 
Very broad 















































916 J. L. ROSE AND R. K. STRANATHAN 
a 5ptPx) 5 seR) 
Umit limita 
110 }— Ce TD 
= 220000~1- ¥ 
© ad 200000— 
v oO _ 
< 70 N 180000 
¥ 50 Fa '60000—| 748s SE 9 EES 7 
Pr O 647s 178m 4 
5 140000 ; P 
“~~ 30 “4 =" | [ell 
w £ |20000— P SS dog 
10 ' | | | N) 54 6540 . 
i 100000-} — 
0 0 20 30 40 50 60 70 8 W 10 “ a a 
° . w 
Acceleration Potential (volts) & 80000— 2 
Fic. 6. Excitation function for \4603.7. A, 5-min. : 60000— Ss 
exposure; B, 30-min. exposure. Relative intensity of 100 3 -— > 
taken at 43 volts. Zz 40000 » 
2 20000— © 
, - a 4 ol 
For the two lines, \\4264.7 and 4763.6 whose g all WJ 
classifications are not given in Table II a con- S 00000 Cs 0000 — Cs TT 
sideration of the forms of their optical excitation 20000 2p, => 
functions, of their onset potentials, and of their -40000-] CsI 368— CsI 


wave-lengths when considered in the light of the 
energy level scheme leads to the suggestion that 
they may be due to transitions of the types, 
5p°(2Py)6d, 7s—5p°(2Py)6p and 5p*(2P,)6d, 7s 
—5p°(?P,)6p, respectively. 

In conclusion I wish to express my thanks to 
Dr. J. T. Tate who suggested the problem, to the necessary oxide-coated cathodes as well as 
Dr. J. Valasek for helpful suggestions, to Dr. some oxide-coated ribbon. 


Fic. 7. Energy level scheme. 


H. A. Erikson for the use of apparatus, and to 
the RCA Radiotron Corporation and the Bell 
Telephone Laboratories who furnished me with 
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Isotopic Constitution of Lead from Hyperfine Structure 
Joun L. Rose ANp R. K. STRANATHAN, Department of Physics New York University, University Heights 
(Received April 22, 1936) 


The relative abundance of the isotopes of lead was percentage abundance of the isotopes of ordinary lead: 
5, 26.3, 21.4 and 0.8 for Pb?°’, Pb?%, Pb?°7, and Pb?%, 


determined from intensity measurements of the hyperfine 51.5 
structure components of the lead spark line 45372. With _ respectively. For integral masses of the isotopes the mean 


eleven calibrated wire screens a single order of the Fabry- mass number is 207.223. Assuming a packing factor of +1, 
Perot interference pattern was photographed with the this number when converted to the chemical atomic weight 
same exposure time for each screen. The following results scale becomes 207.20. 

from densitometer measurements were obtained for the 


T has been shown by several investigators'* spin J=}, may have as many as four compo- 
that spectral lines for the isotopes Pb’™, nents depending on the J values and splittings 
Pb*® and Pb’, each with nuclear spin J=0, of the initial and final atomic energy levels. 
are always single but the lines for Pb**’, with It has been possible to make very rough esti- 


~ 1H. Kopfermann, Zeits. f. Physik 75, 363 (1932). 3H. Schiiler and E. G. Jones, Zeits. f. Physik 75, 563 
2]. L. Rose and L. P. Granath, Phys. Rev. 40, 760 (1932). 
(1932). 


4J. L. Rose, Phys. Rev. 47, 122 (1935). 
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mates of the relative abundance of the above 
isotopes for several samples of lead by visually 
observing the intensities of components of the 
Fabry-Perot interference patterns of various 
lines. The four isotopes observed in the hyperfine 
the 


abundance and are the four more abundant of 


structure patterns have same order of 
the eight isotopes reported by Aston? for ordinary 
lead. 

Many difficulties peculiar to lead were ex- 
perienced by Aston in making an analysis of the 
isotopic constitution with the mass spectrograph. 
The presence of mercury and hydrogen in the 
tube was also very troublesome. The lighter and 
less abundant isotopes of lead could not be 
detected with certainty if a small amount of 
mercury were present in that the heavier isotopes 
of the latter have the same mass. Corrections 
had to be made for the blackening thought to 
be due to the heavier lead isotopes because the 
hydrogen the lead tetra- 
methyl in the source formed hydrides. After cor- 


from decomposed 
rections were made the following figures were 
found by Aston to the 
abundance of the isotopes of ordinary or com- 


represent percentage 


mon lead: 


Mass numbers 03, 204, 205, 206, 207, 208, 209, 210 
Abundance 0.04, 1.50, 0.03, 27.75, 20.20, 49.55, 0.85, 0.08 


The mean mass number for these values is 
207.190. 

There is a question of the existence of Pb?** 
and Pb?'” in ordinary lead. The blackening of the 
plate thought to be due to these may have been 
produced entirely by hydrides. One would not 
expect to find nonradioactive Pb’ in ordinary 
lead since a radioactive isotope (Ra D) of the 
same Later, Aston® 


found no evidence of this isotope. However, his 


mass is known to exist. 
discharge tube was operating rather unsatis- 
factorily. A. J. Dempster’ with his new “‘achro- 
matic’’ mass spectrograph has found no evidence 
of Pb?**. As yet he has been able to observe only 
the four more abundant isotopes reported above. 
kK. T. Bainbridge and E. B. Jordan* working 
with a high dispersion linear scale mass spectro- 


> F. W. Aston, Proc. Roy. Soc. A140, 535 (1933). 
*F. W. Aston, Proc. Roy. Soc. A149, 396 (1935). 


‘A. J. Dempster, Phys. Rev. 49, 416A (1936). 
SK. T. Bainbridge and E. 
416A (1936). 


B. Jordan, Phys. Rev. 49, 
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LEAD 


graph and a source free of hydrogen could have 


detected with certainty Pb*’’ if it had existed to 


the extent of 1/10 that reported by Aston. Two 
different methods of measurement used by them 
agreed in indicating that 1/30 of the reported 
0.85 percent abundance could just have been 
detected. If this isotope exists in the same order 


of abundance as that of Pb?” its presence should 


be detected with certainty in the hyperfine 
structure pattern of \4386, shown in Fig. 1. 

It appears that ordinary lead with the possible 
exception of about one part in a thousand is 
composed of the four isotopes which have been 
observed in hyperfine structure patterns. Photo- 
metric measurements of the relative intensities 
of the components of the Fabry-Perot patterns 
for certain lines should therefore give a very 


Ph?” 


Pb?"? and Pb’ if we neglect the other possible 


good result for the abundance of Pb, 


isotopes. 


IsoTOPE DISPLACEMENTS AND Pb?° 


Schiiler and Jones* were the first to observe in 
the A\A7228, 
5609, 5201 and 5005 a faint component which 


hyperfine structure patterns of 


04 


indicated the presence of Pb®*™ in ordinary lead. 
One of us (J.L.R.) was not able to observe this 
component ina previous investigation® because 
faint ghosts, peculiar to the etalon plates used 
at that time, appeared in the position of the 
expected 204 component for orders near the 
center. Another pair of plates was used in the 
present work for photographing two of the above 
lines and also \4386, whose pattern should show 
the 204 component. The faint component was 
found in the patterns of all three of these lines. 
The lines in which the 204 component can be 
observed directly have small isotope shifts, and 
as can be seen in Fig. 1 the faint 204 component is 
too close to more intense components for ac- 


All 


lines favorable for intensity measurements have 


curate densitometer measurements. other 
patterns in which the more intense 207 compo- 
nent is very near the position for 204. The rela- 
tive intensity of the 207 components is known 
from the sum rule and if 204 and the stronger 
207 are close enough together not to be resolved 
by the interferometer, this type of pattern can 
be used for a determination of the isotopic 
constitution of lead as described below. 
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It has been definitely shown from hyperfine 
structure that the center of 
gravity of the 207 components is not at the 


measurements 


midpoint between 206 and 208 as would be ex- 
pected but for all patterns it is closer to 206 than 
to 208. The measured ratio of the separations of 
206 and 208 from the 207 center of gravity is 
0.63+0.02. The separations, 204 to 206 and 
206 to 208, have been measured by Schiiler and 
Jones’ in four lines. These separations and their 
ratios are shown in Table I. 


} 


TABLE I. Even isotope separations 
204-206 206-208 204-206 
oN Av cm~ Av cm 206-208 
5005 0.059 0.061 0.97 
5201 0.065 0.072 0.90 
5609 ~0.046 0.052 ~0.89 
7228 0.084 0.088 0.96 


It is interesting to note for these isotopes that 
the displacements are more what one would 
expect. The two measured separations are almost 
equal as shown by the ratio in the last column. 
The small isotope shifts and large differences of 
intensity of the components make the separations 
difficult to measure with accuracy and it may 
be that the actual ratio is unity. Also the blacken- 
ing of the plate near 204 caused by the over- 
exposure of 206 would make the center of gravity 
of the former appear to be closer to the latter 
than it actually is and thus tend to give a ratio 
from measured separations slightly less than 
unity. For the type of line discussed above 


in which the 207(a) component is 


stronger 
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very near to 204 the ratio of-the separation 
207(a)—206 to that of 206-208 is very nearly 
unity. The resolving power of the etalons used 
for these lines and the width of the components 


are such that 204 and 207(a) would be com- 
pletely unresolved if the above ratio for the 
even isotopes were 1.00+0.05. 
\A5372 AND 5367, PbII 
The spark line, \5372 (p?*P3.2—5F;/2), whose 


interference patterns for etalon spacers 3.561 and 
5.194 mm are shown in Figs. 2 and 3, is perhaps 
the best line for intensity measurements. The 
F;,2 level is single and all of the structure of 
\5372 is due to the p?*P;,2 level in which the 
separation of 206 and 208 is 0.283 cm“ and the 
splitting of 207 is 0.957 cm~. The line is very 
intense and sharp and shows no self-reversal in 
any of the stronger components even when the 
highest possible voltage is used to operate the 
hollow cathode source.’ It is ideal for visual 
observations and adjustments of the optical 
instruments and the spectral region is very 
favorable for silvered etalon plates. 

With the exception of 45367 (p? *P;,2—5F3,2) 
which is ten to twenty times less intense than 
\5372, there are no lead or helium lines within 
50A of 45372 so the slit of the Hilger constant 
deviation spectrograph may be opened wide 
without other lines overlapping. Fortunately 
\A5372 and 5367 have identical patterns. The 
F;2 level is single and therefore the structure of 
both lines is due to the same energy level. By 
carefully grinding and trying several invar etalon 
spacers it was found that the interference pat- 
terns of the two lines coincided exactly when 
spacers 3.561, 4.208 and 5.185 mm were used. 
This means that for a change of phase of unity 
between corresponding components in the two 
lines the change of spacer thickness must be 
0.324 the separation of 
corresponding components is 15.4 cm™'. The 
lateral separation of the patterns of the two lines 


mm and _ therefore 


due to the dispersion of the spectrograph is less 
than one-tenth the width of the image of the 
collimator slit which was used. This makes it 
possible to use a large microphotometer slit in 
recording the blackening in the center of the 
pattern where the spectrograph slit images of the 
two lines are completely overlapped. 





ISOTOPIC 
MEASUREMENTS AND RESULTS 


Eleven calibrated wire screens were used in 
obtaining the intensity calibrations. Each screen 
was placed near the source and care was taken 
that the source lens did not throw a shadow of the 
screen on the collimator slit. A cross slit was used 
on the plateholder and so adjusted that only 
one or two orders were allowed to fall on the 
Eastman 4G photographic plate. Most of the 
photographs were obtained using one order only, 
either the third or the fourth from the center. 
However, two orders were photographed on some 
plates to provide check measurements. Suc- 
cessive photographs were taken without the 
screens and then with each of the eleven screens, 
thus covering a range of from 100 to 14.8 percent 
transmission. The plateholder could be moved 
either vertically or horizontally, permitting the 
intensity marks to be placed near each other in a 
vertical line. The same exposure time was used 
for all photographs of a group, thus eliminating 
any consideration of the Schwarzschild factor. 
Although no absorption is to be expected for this 
line under such conditions, the intensity of the 
source was varied so that exposure times ranged 
from 1 to 4 minutes to provide a check. A full 
Fabry-Perot pattern was also obtained to ascer- 
tain the change in intensity from order to order 
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OF LEAD 
and thereby provide the necessary correction 
factor if the intensity did not prove to be the 
same for each order in the region used for the 
intensity marks. Densitometer traces of the 
intensity marks and the full were 
obtained. See Fig. 4. Calibration curves, similar 
to the ones shown in Fig. 5 were plotted for all 


pattern 


apparent components of the pattern. By com- 
paring the transmissions, which are proportional 
to tle true intensities, corresponding to any given 
galvanometer deflection, the ratios of the in- 
tensities of the apparent were 
calculated. These ratios were obtained for various 
galvanometer deflections, using the portions of 
the curves which were approximately linear. 

The ordinary lead pattern of 45372 consists of 
the four apparent components, 208, 206, 207(a) 
+204, and 207(b). In addition, by the proper 
choice of spacers the 207(b) component of one 
order was made to fall on the 207(a)+204 of the 
adjacent order. These patterns then consisted of 
three apparent components 208, 206, and 
207 +204. The various intensity ratios are shown 
in Table IT. 

In this table it is shown that the ratio of 
207(b) to 207(a)+204 is 0.671. From the sum 
rule for intensities, the ratio of 207(b) to 207(a) 
for \A5372 and 5367 is known to be 5 to 7 or 
0.714. The difference in these ratios is due to the 


components 
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Fic. 4. Microphotometer trace of a single order off\5372 for plate No. 22. Percentage transmissions: 
100.0, 67.3, 61.0, 49.8, 47.3, 41.6, 36.3, 32.1, 25.9, 22.9, 14.8. 





TABLE II. Measured intensity ratios in percent. 
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SPACER 206 No. or | 207(a) +204 
PLATE (mm) 208 VALUES|~ 206. 
37 3.561 50.6 8 50.8 
35 3.561 50.9 8 50.0 
22 3.561 | 50.9 7 50.7 
42 5.194 | 51.5 11 
32 5.194 51.2 15 
40 4.172 
Average values 51.14 50.56 
208 
206 
» 
207 +204 
go t 
70+ 
ok 
50 a 
S40 + 
20+ 
10 + 
0 1 1 l i L J 
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Fic. 5. Intensity-blackening curves for plate No. 42. Single 
order of 45372, etalon spacer 5.194. 


204 component which coincides with 207(a) in 
the hyperfine structure of these lines and there- 
fore it is possible to determine the relative 
abundance of Pb**’ to Pb?". This was found to be 
26.6 : 1.0. With this ratio and the densitometer 
data in columns 3 and 9 of Table II the per- 
centage abundance for all the observable isotopes 
can be calculated. The results are shown below: 


No. or 207 (b) No. OF 207 +204 No. of 
VALUES | 207(a) +204 VALUES 206 VALUES 
15 67.2 19 
11 66.9 13 
8 
84.1 19 
84.0 21 
67.3 21 
67.1; 84.0; 
Mass Number.......... 208 207 206 204 
Abundance............51.5 21.3 26.3 0.8 


The mean mass number from these figures 
assuming the masses of the isotopes to be integral 
is 207.223. The same mean mass number was 
found by using the data in column 5 instead of 
those in column 9 which were used above. 

The packing fraction for lead is not accurately 
known but Aston® has estimated the probable 
value to be between 0 and +1. The conversion 
factor from the chemical to the physical scale 
seems to be as large as 1.00025. When the above 
calculated mean mass number is corrected for a 
packing factor of +1 and then converted to the 
chemical scale the value becomes 207.20. This is 
lower than the present international chemical 
atomic weight 207.22. Unless this chemical 
atomic weight is too high the necessary packing 
fraction correction for agreement of the atomic 
weights obtained by the two methods is con- 
siderably greater than the value estimated by 
Aston. If Pb?™ more abundant than 0.8 
percent the difference between the two would be 
still larger. It appears that this result for Pb*™ 
which has to be at Jeast the minimum abundance 
in order to account for the ratios in column 7 of 
Table II is very nearly correct. 

In conclusion the authors wish express 
their appreciations and thanks to Dr. R. L. 
Garman of the Department of Chemistry, 
Washington Square College, for his interest and 
extreme care in microphotometering the photo- 
graphed etalon patterns and to the National 
Research Council for a grant-in-aid for hyperfine 
structure investigations. 
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The Nuclear Spin and Magnetic Moment of Potassium (41) 


J. H. Maney, Columbia University 
(Received April 13, 1936) 


The spin of the K*! nucleus and the h.f.s. separation of 
the 2S; normal state have been measured by the method 
of zero moments. The high resolution necessary to separate 
the two isotopes was obtained by passing a beam of neutral 
potassium atoms through a weak inhomogeneous magnetic 
field 153 cm long. The total beam length was 201 cm. 
A new method of analysis of the zero moment peak of K* 
in relation to that of K*® was used in the determination of 
the spin. The spin was found to be 3/2 and the h.f.s. 


INTRODUCTION 


N view of the encouraging results of Millman,! 

and of Fox and Rabi’ in detecting the presence 
of K* atoms in a potassium beam and their 
ability to set limits for the spin and magnetic 
moment of that nucleus, it has seemed advisable 
to complete the determination of these values 
with a molecular beam apparatus of sufficiently 
high resolving power. 


APPARATUS 


A diagram of the apparatus used to secure 
this resolution is shown in Fig. 1. The vacuum 
chamber is a brass cylinder 7} feet long, 5 inches 
in diameter, on which the oil diffusion pumps are 
mounted. The pumping system maintains a 
pressure of less than 10-* mm throughout the 
apparatus. 

The inhomogeneous magnetic field is obtained 
with the parallel two-tube system described by 
Rabi, Kellogg and Zacharias,’ with the exception 
that the field is divided into two equal lengths to 
facilitate cooling. The collimating slit is inserted 
in the one-centimeter space between these two 
divisions. The duralumin block in which the 
tubes are mounted is supported at each end. 
Two stops which limit the height of the beam to 
1.6 mm are attached to the support at the de- 
tector end. The support at the oven end is a 
disk which divides the apparatus into two 
chambers. A fore channel, 0.4 mm wide, 1.6 mm 








1S. Millman, Phys. Rev. 47, 739 (1935). 
* M. Fox and I. I. Rabi, Phys. Rev. 48, 746 (1935). 
* Rabi, Kellogg and Zacharias, Phys. Rev. 46, 157 (1934). 


separation to be 0.554+0.2 percent of that of K**. The 
same ratio applies to the magnetic moments, hence this 
ratio and the values for K®* given by Fox and Rabi yield 


Av(K*) =0.00853 +0.0001 cm 
u(K*) =0.22 nuclear Bohr magneton. 


From the peak intensities it is possible to give the abun- 
dance ratio K®/K* as 13.4+0.5. 


high, and 2 mm long is mounted over a hole in 
this disk. The oven support is also attached to 
the disk which makes it possible to adjust the 
oven and fore channel relative to the field block 
before the three are inserted into the vacuum 
chamber as a unit. The beam emerges from a 
0.013-mm slit in the oven and passes through the 
fore channel into the receiving chamber. There 
it is further defined by a collimating slit located 
at the center of the magnetic field. This position 
of the collimating slit yields practically maximum 
resolution in an apparatus of this type. 

The beam is detected by a surface ionization 
gauge with a one-mil tungsten filament. The 
current to the collector plate is measured by an 
FP-54 vacuum tube electrometer and sensitive 
galvanometer. The overall sensitivity is about 
5 <10-" ampere per millimeter at the five-meter 
scale distance used. Both the detector filament 
and collimating slit are mounted on double 
ground joints which permit their adjustment 
parallel to and at any distance from the field. 
Since the oven is also movable under vacuum, 
most of the lineup is accomplished with the beam 
itself. The only careful optical adjustments 
necessary are those of setting the oven and 
collimating slits parallel to the field. 

The distance from the oven to the detector is 
201 cm; from oven to collimating slit, 89 cm; 
from end of field to detector, 35 cm. The de- 
flection at the detector of a potassium atom of 
the most probable velocity at 580°K is of the 
order of one millimeter per Bohr magneton for a 
25-ampere current in the field. 
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Fic. 1. Diagram of the apparatus. 


PROCEDURE 


Fresh potassium metal is placed in the oven, 
the apparatus closed and immediately evacuated. 
As soon as the pressure is sufficiently low, the 
oven is heated slowly until a beam of the desired 
intensity is obtained. The oven is maintained at 
this temperature thereafter. The collimating slit 
is then adjusted to the desired working position 
with the aid of the K*® zero moment peak. 
Since the spin and hyperfine structure separa- 
tion, Av, for this isotope are known, the average 
distance of the beam from the field can be 
calculated with these data, the geometry of the 
field, and the current value at the peak. The 
working distance is chosen so that the field and 
gradient of the field are approximately constant 
over the height of the beam. This adjustment 
does not guarantee that the beam is parallel to 
the field block, but if it is not, it must pass 
through regions of field which will not produce 
zero moment states. In such case the zero 
moment peak does not attain its maximum 
value. The oven and detector are therefore 
moved until this maximum is obtained. 

With these preliminary adjustments complete, 
an entire curve of the collector current or beam 
intensity as a function of field current is obtained. 
Regions in which there is a theoretical possibility 
of other peaks are carefully explored, and peak 
intensities relative to total intensity and back- 
ground are repeatedly checked. 

The current value for each peak is taken as 
the value from which a small variation in either 
direction produces the same decrease in in- 


tensity. The currents were measured with a 
Leeds and Northrup type K 


across a 150-ampere, 100-millivolt shunt. 


potentiometer 


RESULTS 


Curve A of Fig. 2 illustrates the results ob- 
tained. The smaller peak at approximately 50 
amperes has the correct intensity relative to 
the large peak at 90 amperes to be definitely K. 
Its location is also correct in regard to the 
previous work.':? The curves B and C, Fig. 2, 
cover more minutely the regions in which peaks 
associated with a nuclear spin greater than 3/2 
would occur.* The absence of any peaks limits 
the spin of K* to 2/2 or 3/2. The intensity of the 
50-ampere peak also precludes a spin greater than 
3/2. The distinction between the possible values, 
2/2 and 3/2, can be made on two grounds, the 
peak intensity and the shape of the curve. 

Since a spin of 2/2 signifies six components, 
two of which become zero to form the peak, the 
intensity ratio of the K* peak to the full beam 
should be 1/3 of 6.7 percent or 2.2 percent 
(the abundance of K* is given by Brewer and 
Kueck® as 6.7 percent). A spin of 3/2 would 
yield 1/4 of 6.7 or 1.67 percent. The average of 
several determinations of this ratio is 1.7+0.05 
percent. 

Lack of complete homogeneity of the field and 
gradient over the cross section of the beam will 


* One exception must be made: A spin of 4/2 could pro- 
duce a peak at 150 amperes, but this region has been 
explored by Millman with a resolution sufficient to have 
indicated any increase of intensity of the required order. 

5 Brewer and Kueck, Phys. Rev. 46, 894 (1934). 
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beam. B and C, portions of A enlarged to show the absence of any peaks due to a spin greater 


? 


than 3 


always cause the observed intensity to be less 
than the theoretical. It is therefore more accurate 
to compare the intensity of K* to that of K*’. 
For a spin of 2/2 this ratio should be 0.0958; 
for 3/2, 0.0718. The observed value is 0.073 
+0.002. The chief error in these intensity con- 
siderations is due to a background of the same 
order of intensity as that of K*. 

Since the experimental results include the K** 
zero moment peak, a comparison of the shapes 
of the two peaks may be made in a manner 
Rabi: The energy 
isotopes the same, 


Professor 
the 


by 
of 


suggested 
distribution 


1S 


for they have the same source, and the collision 


cross section and mass differences can produce 
only a negligible effect. The geometry of the 
apparatus is also the same for each. Moreover, 
the resolution is sufficient in each case so that 
only the states which produce the zero moment 
peaks contribute to the intensity near the peak. 
It therefore follows that, for a given geometry 
and energy distribution, the intensity in the 
neighborhood of any peak is a function only of 
the deflecting force on the atom, that is, the 
product of the effective moment, w/o, and the 
field current, J, since the gradient is directly 
proportional to the current. The effective mo- 
ment, 4/0, depends on the nuclear spin. A plot 
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Fic. 3. The measured intensities of the K*® and K* zero moment peaks as a function of the 
force on an atom in units of (u/uo)J about the peak values. y/o is the effective moment and J 
the current in the field. The intensity scale for K® has been reduced so that the maxima coincide. 


of the intensity of the K*® peak against the force 
in units of (u/uo)J therefore yields a curve 
characteristic of the known spin 3/2. Fig. 3 
shows this curve with ordinates reduced by 
6.7/93.3. The K* intensities plotted for spins of 
2/2 and 3/2 are also indicated in Fig. 3. The K* 
intensities are in good agreement for a spin 3/2 
of this nucleus, but not for 2/2. 

In view of the excellent agreement of intensity 
ratios it should be mentioned that with a few 
refinements toward elimination of background, 
increase of intensity, and higher resolution, the 
molecular beam method is capable of giving 
abundance ratios with considerable accuracy. 
The observed ratio of the peak intensities, 
K**/K", corrected for background is 13.7+0.5. 
Correction for the rate of effusion from the oven 
reduces this ratio to 13.4+0.5. The agreement 
with the measurements of Brewer and Kueck® 
and of Nier* is within the limit of error. 








6 A. O. Nier, Phys. Rev. 48, 283 (1935). 


The measurements of the current ratio of the 
K* and K** peaks give directly the ratio of the 
hyperfine structure separations for the normal 
2S, states: 


Av(K*) /Av(K**) =0.554+0.2 percent. 


From the value of Fox and Rabi! for Av(K*) of 
0.0154+0.0002 cm~ is obtained: 


Av(K*) =0.00853+0.00012 cm. 
Similarly, the magnetic moment becomes 


u(K") =0.397(0.554) 


=(0.22 nuclear Bohr magneton. 


The writer wishes to thank Professor I. I. 
Rabi who suggested this problem and others of 
the molecular beam laboratory who so generously 


gave their assistance. 

















AE ts i ila 








JUNE 15, 1936 


PHYSICAL 





REVIEW VOLUME 49 


Secondary Electron Emission from a Hot Nickel Target Due to Bombardment by 
Hydrogen Ions 
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Rade liffe Colle ge, 


urvard University 


(Received April 17, 1936) 


A hot nickel target was bombarded by hydrogen mo- 
lecular ions to determine the number of secondary electrons 
emitted per positive ion at various voltages. The method 
used was that of Oliphant. The ions were drawn from a 
discharge, collimated by a narrow canal, bent by an 
electric field and allowed to impinge on the hot target. 
The latter was surrounded by a platinized bulb which 


N the ordinary vacuum discharge the emission 

of electrons from the cathode has been 
attributed to various agencies, such as photons, 
positive ions, and metastable atoms. Many 
attempts have been made to determine the part 
played by positive ions in this emission. Much of 
the work done has been vitiated by failure to 
isolate this effect from the others or by lack of 
proper degassing. The work of Jackson! on the 
alkali ions and that of Oliphant? on helium ions 
striking molybdenum is not open to these ob- 
jections, but these ions are not so important in a 
discharge as the ions of hydrogen. Oliphant’s 
method was used in the present investigation to 
determine the secondary electron emission from 
a nickel target under bombardment by hydrogen 
ions. 


APPARATUS 


The device for producing a sufficiently large 
beam of positive ions is essentially that of 
Oliphant. A tube was built as illustrated in Fig. 1. 
It was made of Pyrex glass and the metal parts 
were all of nickel except the platinum film on the 
collector and the tungsten filaments. A discharge 
was maintained between the hot filament, F, and 
the coiled anode, A, in the bulb D. From the 
discharge plasma, which filled D, positive ions 
were drawn to C by a suitable potential between 


* Now at Vassar College. 

1W. J. Jackson, Phys. Rev. 28 
(1927). 

2M. L. E. Oliphant and P. B. Moon, Proc. Roy. Soc. 
A127, 373 (1930). 


, 524 (1926); 30, 473 
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served as a collector for the electrons. After the target had 
been kept hot for six weeks, values consistent among them- 
selves could be obtained. The number of electrons elicited 
from the target per positive ion varied from 0.046 at 303 
electron volts to 0.223 at 1539 electron volts ion energy. 
The number of reflected positive ions is a measurable 
fraction of the total positive ion beam. 


C and F. Some of these passed down the canal 
back of C which served to collimate the ions. 
They then passed through E to the plane parallel 
deflecting plates, P. The beam was bent through 
two further diaphragms to the target, 7, from 
which secondary electrons were emitted. These 
electrons were collected by the platinum film on 
the bulb surrounding 7. 

Differential pumping allowed a pressure in D 
sufficient to support the discharge and a pressure 
in the other end so low that the beam of ions 
remained well defined. This was made possible by 
the canal back of C which was five cm long and 
two mm in diameter. The openings in E were also 
two millimeters in diameter. The deflecting 
plates, P, were 1.5 cm in length and about 13 mm 
apart. They were placed in the tube in a position 
to produce a deflection of the positive ion beam 
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Fic. 1. Diagram of apparatus. 
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of about twenty degrees. This arrangement 
eliminates extraneous effects at the target due to 
impingement upon it of metastable atoms or of 
photons from the discharge. The diaphragm, .V/, 
also had an opening 2 mm in diameter, but N 
had one of 5 mm to prevent the beam from 
striking it. This was necessary since this dia- 
phragm formed part of the collector. 

The target consisted of a nickel cylinder 3 mm 
in thickness, 1 cm in diameter. Inside it was a 
heating coil of 12 cm of 10-mil tungsten wire 
coiled on a 0.03-cm mandril. This coil was 
enclosed in a quartz ring for support. 

The pumping was done by a Gaede four-stage 
steel diffusion pump backed by a Cenco Hyvac 
pump. One mercury cut-off made it possible to 
pump out the whole system to the highest 
possible vacuum, another allowed continuous 
circulatory pumping into D and out at L with 
the system cut off from the fore pump and any 
stopcocks. The gas flowed over a boat of P.O; 
before entering D, and solid CO, in acetone was 
kept continuously on two traps of low resistance, 
one between the cut-offs and the tube, the other 
between the diffusion pump and the tube. 
Hydrogen entered on the high pressure side of 
the system through a heated palladium tube 
which was connected to a gas main. 

The electrical connections were as shown. All 
voltages were supplied by storage batteries to 
keep the current as steady as possible. About 200 
volts were used for the discharge. The desired 
accelerating voltage was applied to C. For low 
voltages it was necessary to apply a larger 
negative voltage to C in order to obtain a beam, 
and then to apply a decelerating voltage to E. 
Oliphant found for helium that it was necessary 
to apply 1500 volts accelerating voltage in order 
to get a beam, but it was not necessary with 
hydrogen in the present tube. A decelerating 
voltage of about 45 volts on E at all times 
seemed to facilitate the passage of the beam. A 
deflecting voltage was applied to bend the beam 
to the target in the observing chamber. Other 
batteries served to heat the target filament and 
to apply a potential between the target and the 
collector. The galvanometer, G, with the re- 
versing switch in one direction measured the 
current to the target and collector, i.e., the main 
positive ion beam; with the switch in the other 
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direction it registered the current to the collector 
only. The galvanometer used had a sensitivity of 
10,064 megohms, CDRX 22,000 ohms, period 13.2 
sec., and a resistance of 575 ohms. 


EXPERIMENTAL PROCEDURE 


The vacuum system was too large to be 
thoroughly baked, but the tube itself was heated 
in an electric furnace, and the rest of the system 
flashed with a blow-torch at the same time that 
the system was being pumped out. The vacuum 
was then maintained continuously for nearly a 
year except for a few hours when the filament 
was being changed. The pumps were kept in 
operation for days at a time. Solid carbon 
dioxide in acetone was kept on the mercury traps 
continuously for two months. During the pre- 
liminary experiments preceding this so little gas 
escaped from the walls and metal parts that on 
two occasions when hydrogen was left in the 
system overnight no change in the discharge 
characteristics could be observed. 

The first step was to get a beam through to the 
deflecting plates. The current to the lower 
deflecting plate was not a measure of the size of 
the positive ion beam reaching it. Ions were 
reflected from the lower plate, secondary elec- 
trons were emitted, and photoelectrons were 
extracted by light coming from the discharge. A 
rough measure of the size of the beam to the 
middle portion of the tube was the total current 
to the three electrodes there. For this current to 
be as much as 15 microamperes it was necessary 
for the tube voltages, filament current, and the 
gas pressure to have quite critical values. With a 
discharge voltage of 200 volts the current 
through the 10-mil tungsten filament wire was 
about 5 amperes. The magnitude of the positive 
ion beam was sensitive to changes in the current 
in the filament but was even more sensitive to 
changes in pressure. When the pressure exceeded 
only slightly a critical value there would be a 
large discharge current and many positive ions 
to C, but there would be no beam since the ions 
were scattered out of their path by gas molecules. 
Maintaining the proper pressure, once found, 
was also a problem since hydrogen disappears in a 
discharge. As the pressure decreased, larger and 
larger numbers of positive ions were obtained 
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until suddenly there was too little gas to maintain 
a discharge. However, the disappearance of 
hydrogen in the discharge decreased with con- 
tinued use of the tube. At first the proper pres- 
sure was found by getting as large a current as 
possible through a microammeter which meas- 
ured the total current to the deflecting plates and 
the diaphragm. Then the deflecting voltage was 
put on the plates and the potential varied until a 
beam to the target could be detected. 

At this point the discharge variables again had 
to be regulated to find the most favorable values. 
In addition the positive ion current to the target 
was very sensitive to the deflecting voltage, 
falling off sharply on each side of a maximum, as 
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Fic. 2. Curve showing how the positive ion current to 
the target varies with the deflecting voltage for 855-volt 
ions. 
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shown in Fig. 2. This was interpreted to mean 
that the beam reaching P was quite homogeneous. 

Currents to the target and to the collector 
studied by means of a variable 


were then 


potential between target and collector. 


RESULTS 
Cold target 


Data first obtained for a cold 


which had not been degassed. To find the number 


were target 
of electrons emitted by the target per positive ion 
of given energy, current-voltage curves for the 
collector were plotted. One such curve is that of 
Fig. 3, for 625-volt ions. In all of these curves 
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Fic. 3. Current-voltage curve for the collector for 625-volt 
ions. (Cold target.) 


saturation was obtained when the collector was a 
few volts positive with respect to the target. It 
was therefore assumed that this saturation cur- 
rent was a measure of the difference of secondary 
electrons and reflected positives from the target 
to the collector. As the collector voltage was 
decreased toward zero this current decreased and 
finally reversed its direction. This means that 
fewer and fewer electrons were collected until 
only the reflected positives arrived from the 
target. A saturation current for negative voltages 
have given the number of positives 
reflected, but the curve never became parallel to 


would 


the voltage axis in the case of the cold target. 
The current, however, did become linear with 
respect to the voltage beyond about fifty volts; 
and it assumed that 
collected beyond fifty volts, and that if the line 
beyond fifty volts were extended back to the 


was no electrons were 
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current axis the intercept there was a measure of 
the positive ions reflected. A serious error was not 
introduced since the values of the electron 
emission at various voltages are not reproducible 
in the case of a cold target. Hence the number of 
secondary electrons was deduced from each 
graph and the ratio of this current to that of the 
positive ion beam calculated. A set of values is 
shown in Fig. 4. Only the general trend of the 
curve can be seen from the single points, but it is 
obvious that the number of secondary electrons 
per positive ion increases with positive ion 
voltage and that within the range of voltages 
studied it is always less than one. 

The measurements of the number of reflected 
positives showed too much variation to indicate 
any relation to the positive ion voltage for the 
cold target. 


Heated target 


Similar results were obtained for a target 
which had been heated for a long time and was 
used hot. The difficulty was in getting the target 
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Fic. 4. Variation of the number of secondary electrons 
(@) and of reflected positives (0) per positive ion with 
positive ion voltage for a cold target. 
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clean, and keeping its surface in a condition to 
give reproducible results. 

At first when the target was heated and then 
allowed to cool the secondary emission de- 
creased. Later it was apparent that the value of 
the emission depended not only on how long the 
target had been kept hot and at what tempera- 
ture but how long it had been cold after the heat 
treatment and how much hydrogen had been let 
into the system just previous to taking the 
readings. If too much gas was let in and pumped 
out the emission increased enormously; and, if 
the discharge was sufficiently unsteady so that 
readings were postponed as much as twenty 
minutes after ihe target was cooled, the emission 
again increased. Values of the secondary emission 
were obtained in the same way as for the cold 
target. 

It was then decided to try to use the target hot 
while taking readings. However, although the 
target had been heated as hot as possible for a 
good many hours there was still so much 
thermionic positive ion current from the target 
leads that no readings were possible. This effect 
was gradually reduced by heating. After a few 
days of continued heating a series of values 
obtained at a temperature of about 900 degrees 
centigrade was 8.1, 8.6, 7.4, 7.7, 10.0, 9.5, 10.0, 
9.2, 8.2, 8.3, 7.4 percent, the variations ap- 
parently having no relation to one another. The 
target was then kept hot continuously for six 
weeks at about 900°C except that night and 
morning it was cooled down in a high vacuum 
long enough to change the heating source from a 
storage battery to a transformer and vice versa. 
In addition, between readings it was heated a 
good deal hotter than this, so that it was at a 
hotter temperature for two or three hours each 
day. It was finally found that fairly reproducible 
results could be obtained if the whole system 
were pumped out for ten minutes between runs, 
if at the same time the temperature of the target 
were raised as close as one dared to the melting 
point, and if the new supply of gas was let in and 
allowed to come to equilibrium while the target 
was still at the hottest temperature. Furthermore 
after this long heat treatment the collector 
current became saturated at about fifty volts 
negative so that the uncertainty in the number of 
reflected positive ions disappeared. 
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Fic. 5. Variation of the secondary electron emission from 
the hot target with the positive ion voltage. Average values 
(@), extreme values (0). 


Final readings were taken with the target at 
approximately 900°C. The ratios of the number 
of secondary electrons from the target to the 
number of positive ions striking the target over 
the range of positive ion voltages are shown in 
Table I and these are plotted in Fig. 5. The 
extreme as well as the average values for each 
voltage are shown on the curve. The curve 
indicates a the 
secondary emission produced by an ion and its 


linear relationship between 


kinetic energy except at low voltages where 
there is an apparent tendency toward a constant 
value. The values of the emission range from 
4.6 percent at 303 volts to 22.3 percent at 1539 
volts. The variations in the measurements at 


TABLE I. Ratio of secondary electron current to positive ion 
current striking target at various positive ion voltages 
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EMISSION FROM NICKEL 
one voltage were probably due to the continued 
adsorption of hydrogen even on the hot target 
face so that a really clean surface was not 
obtained. However, it is believed that the surface 
was as thoroughly degassed as it could be under 
hydrogen ion bombardment. 

The number of reflected positive ions shows a 
tendency to increase with positive ion voltage as 
shown in Fig. 6. 
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Fic. 6. Positive ion reflection at the hot target 


DISCUSSION 


These results may be compared with those of 
Jackson Oliphant, 
Jackson's values of secondary emission, due to 


and referred to above. 
positive alkali ions striking various metals, were 
low compared with the values obtained here for 
hydrogen on nickel. Moreover, no emission was 
detected by Jackson unless the ion had an energy 
of a few hundred electron volts. The work of 
Oliphant using helium on molybdenum is more 
like the present case, since the difference between 
the work function of the metal and the ionization 
potential of the ion is high. As in the present case 
the emission is large for the cold non-degassed 
target, and very much smaller for the clean hot 
target. However, in the present case the emission 
of electrons due to positive ions with an energy 
of 1000 electron volts is about one-fifth as large 
as Oliphant’s value for helium ions striking a hot 
molybdenum target. 

An attempt was made to study the velocity 
distribution of the secondary electrons, but con- 
ditions of unsteadiness did not permit many 
points to be obtained and the curves were not 
reproducible. The lack of reproducibility is 
probably due to differences in the surface con- 
dition of the target for different amounts of 





930 M. HEALEA 
hydrogen adsorbed. If the contact potential 
between the target and the collector changed 
with the amount of hydrogen adsorbed the whole 
curve would shift to the right or left by the 
amount of this change in successive runs. It is 
thought, therefore, that a prolonged study of the 
velocity distributions of the electrons produced 
by hydrogen could not give definite results. 
Studies of the number of positive ions reflected 
from a metal surface are not very numerous. 
Gurney’ reported that for K, Cs, or Li ions on a 
Pt target the reflection was small or even zero at 
normal incidence. Jackson! reported less than 
two percent in his experiments on secondary 
emission from alkali ions. Oliphant gives no 
values for the number of helium ions reflected 
from hot molybdenum but the results of these 
experiments on hydrogen ions striking hot nickel 
show reflection of a magnitude that cannot be 
neglected in comparison with the secondary 
emission. The the reflection with 
positive ion voltage is not regular and it is 
believed that the surface condition of the target 
upon the positive ion 


increase in 


had a greater effect 
reflection than upon 
emission. In a few cases in which more hydrogen 


than usual had been let into the system before 


the secondary electron 


taking a run the number of reflected ions 
increased enormously while the number of sec- 
ondary the same, as if 
positives were more easily reflected by a layer of 
clean nickel 


that 


electrons remained 


than by a 
indication 


adsorbed hydrogen 
surface. Hence 
hydrogen ion reflection might be a sensitive 
detector of the amount of hydrogen adsorbed on 


there is some 


a surface. 


3 R. W. Gurney, Phys. Rev. 32, 467 (1928). 
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It is not clear why the line representing the 
reflected positives (Fig. 6), when extrapolated to 
zero voltage, indicates a finite percentage of 
reflected positives. Possibly a few ions, on their 
way to the target, struck a diaphragm and were 
reflected to the platinum film, thus increasing the 
apparent number of positives reflected from the 
target. It is also not certain why the collector 
current reached saturation when the collector 
voltage was increased to 80 volts negative with 
respect to the target, since the energy of the 
primary ions was increased by this voltage and 
the number of reflected positives should therefore 
increase. However, this change as shown by the 
slope of the line in Fig. 6, must have been small. 

It is believed that the high vacuum in the 
the possibility of much 
ionization of gas molecules by the ion beam in 
that portion of the tube. If such ionization 
existed it would increase the apparent number of 
both secondary electrons and reflected positives 
and the values deduced from the data taken in 
these experiments would be too large by a very 


collector precluded 


small amount. 

These experiments show that if hydrogen ions 
bombard a hot nickel target, kept as clean as is 
possible under hydrogen ion bombardment, the 
number of secondary electrons per positive ion 
increased from 0.046 to 0.223 when the positive 
ion energy increases from 303 volts to 1539 volts. 
This increase is nearly linear except for low 
voltages at which the secondary emission tends 
towards a constant value. Therefore it would 
seem that, if the conditions in the ordinary 
discharge are comparable with those existing in a 
high vacuum with a hot target, the part played in 
maintaining the discharge by hydrogen ions 
striking the cathode is relatively small. 
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With the model proposed in an earlier paper, the 
temperature variation of the ferromagnetism of nickel is 
discussed. By application of Fermi statistics to the electrons 
in the d bands, the free energy is computed as a function 
of temperature and magnetic moment. At each tempera- 
ture, the value of magnetic moment for which the free 
energy is a minimum is the value which will actually be 
found, and this decreases with increasing temperature, 
going to zero at the Curie point, in satisfactory agreement 
with experiment. The value of the free energy itself at the 
minimum, as a function of temperature, is compared with 
experimental values derived from the observed electroni 
specific heat of nickel, and the agreement is again satis- 
factory. To get agreement of both quantities with experi- 


N a previous paper, the writer has shown! that 

the ferromagnetism of nickel can be accounted 
for by the model of a metal in which each electron 
moves in a stationary state throughout the 
whole metal, modulated by the periodic lattice. 
It was shown that the energy of the electrons of 
such a metal changes for two reasons when the 
metal goes, at the absolute zero of temperature, 
from a nonmagnetic state with equal numbers of 
electrons of each spin, to a magnetized state 
with as many as possible of the electrons having 
one spin, the remainder the opposite spin. In 
the first place, work is required to produce this 
change, because electrons of negative spin must 
be lifted from lower, occupied states up to the 
higher, unoccupied levels, in order to allow 
them to change to positive spin. In the second 
place, energy is gained because of exchange, 
which, as in atoms, gives a lower energy the more 
pairs of electrons there are with the same spin. 
The first effect is ordinarily enough to outweigh 
the second, resulting in a nonmagnetic normal 
state, but in the ferromagnetic elements the 
electrons concerned are in a narrow d band; 
it requires a comparatively small amount of 
energy to produce the necessary electron dis- 
placement, and as a result the magnetized state 
has a lower energy at absolute zero, and is the 


1]. C. Slater, Phys. Rev. 49, 537 (1936). 


ment, it is necessary to use a smaller exchange integral 
than was suggested in the earlier paper, but plausible 
reasons are suggested for thinking that this should be done 
anyway. It is found that even at the absolute zero not 
quite all of the spins are parallel to each other, the mini- 
mum in the free energy curve coming at a little less than 
the maximum possible magnetic moment. It is suggested 
that this small effect becomes much more pronounced as 
iron is approached in the series of ferromagnetic elements, 
explaining the fact that alloys of iron and cobalt show the 
highest saturation moments of any ferromagnetic sub- 
stances, the moment then decreasing in iron and even 
more in alloys of iron with lighter elements. 


stable state. This was shown to be the situation 
for nickel, where the work required to produce the 
rearrangement of electrons was computed by 
use of energy levels extrapolated from calcula- 
tions on copper, and where the necessary ex- 
change integral was estimated from observed 
atomic The calculation not 
tended to temperatures above the absolute zero, 
however. An estimate of the Curie point was 
made in terms of the energy difference between 


spectra. was ex- 


the magnetized and nonmagnetized states at the 
absolute zero, but this cannot be regarded as 
reliable. It is the purpose of the present paper to 
discuss the temperature variation of the ferro- 
magnetism, thus presenting the essentials of a 
complete theory. 

Experimentally, there are two phenomena to 
be explained. In the first place, the saturation 
magnetization decreases with temperature. At 
the absolute zero, for nickel, the magnetization 
corresponds to almost exactly 0.6 electron spin 
per atom. As the temperature increases, this 
decreases, very slowly at first, then very rapidly, 
falling to zero at the Curie point. Secondly, the 
specific heat shows anomalies definitely con- 
nected with the ferromagnetism. If a Debye 
function is subtracted from the observed specific 
heat,? the difference is large, and must be at- 


2E. Lapp, Ann. de physique 12, 442 (1929). Miss Lapp 
considers the electronic specific heat to drop to zero above 
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tributed to the specific heat of the free electrons. 
This electronic heat is proportional at low tem- 
perature to the temperature, then begins to 
rise more rapidly, going to a sharp peak at the 
Curie point, after which it falls to an approxi- 
mately constant but by no means negligible 
value, of the order of magnitude of }R. 

These phenomena may be best discussed by 
means of the free energy Y= U—TS. We regard 
this as a function of two variables, the tempera- 
ture, and the magnetic moment yu (measured in 
electrons spins per atom). It is a well-known 
property of the free energy that for equilibrium 
it takes on a minimum value, in a system at 
constant volume, and constant temperature. 
Thus if we have a family of curves of VW as a 
function of yw, for different temperatures, the 
minimum of the curves (which alone represents 
a physically realizable state) will come at maxi- 
mum yu for the absolute zero of temperature, 
but will shift inward toward smaller » as the 
temperature increases, reaching 1.=0 at the Curie 
point (which is determined by this fact), and 
remaining at zero for all higher temperatures. 
From this behavior we can at once derive the 
well-known law giving the temperature variation 
of the paramagnetic susceptibility. By sym- 
metry, the free energy must be an even function 
of uw, or of the magnetic moment J of the whole 
crystal (which is proportional to yu). Thus the 
first term in the power series expansion of ¥ as 
function of J, apart from a constant, is a term 
in J?. Furthermore, the coefficient of this term 
is positive for temperatures above the Curie 
point, negative below, so that, if TJ, is the Curie 
temperature, the expansion of W for small J 
near T, is ¥=a(7—T-.)J*. In the presence of an 
external magnetic field H, the free energy is 
diminished by an additional term HAJ. For 
equilibrium, the derivative of the whole free 
energy with respect to J must be zero. Thus 
dV /dl=0=2a(T—T.)I—H, I=H/(2a(T—T.)), 
expressing the fact that the metal is paramag- 
netic above the Curie point (J is proportional to 
H, with a positive coefficient), and that the 
paramagnetic susceptibility is inversely pro- 


the Curie point, and treats the remaining specific heat, 
which persists above this point, as an ‘‘unknown”’ term. It 
seems likely that most of this ‘‘unknown”’ term is also of 
electronic origin, and we have included it in our calculations. 
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portional to the temperature interval above the 
Curie point. This well-known law is thus seen to 
follow quite independently of the model. It is 
evident, however, that the constant @ bears no 
necessary relation to the saturation magnetic 
moment at the absolute zero, in contradiction 
to the Weiss theory. 

In addition to the magnetic moment, the 
free energy WV is of great value in discussing 
the specific heat, on account of the relation 
C,= —T(#WV/dT?),. Since C, for the free elec- 
trons equals 0.001744T at low temperatures, in 
calories per g mole,? YW must be a quadratic 
function of the temperature, so that its second 
derivative will be constant. We may take the 
entropy S= —(0W/dT), to be zero at the abso- 
lute zero, so that WV, apart from an additive 
constant, is given by the expression —0.000872T? 
for low temperatures. For higher temperatures, 
the free energy can be found by integrating the 
experimental values of C,/T twice with respect 
to temperature. This has been done numerically. 
The result, then, gives the actual value of free 
energy at the minimum of each curve of ¥ 
against uw. In our comparison of theory with 
experiment, we shall compare the free energy 
curve, rather than the specific heat. 

Using the model of the previous paper, the 
free energy of the electrons has been computed as 
a function of J and yu. The method will be 
described in the Appendix. Briefly, we consider 
the electrons to be a mixture of two gases, one 
consisting of the electrons of each spin, with 
energy levels as given by the model. The free 
energy of the electrons of each spin is calculated 
by application of Fermi statistics, the two are 
added, the exchange energy is subtracted, and 
the result is a correct deduction of the free 
energy from the model used. It should be stated 
that the calculation is largely numerical, and 
that it depends on small differences of large 
quantities, so that its accuracy is not great. 
When the calculation was carried out, using 
distribution function and exchange integral of 
the previous paper, it was at once found that the 
Curie point came out several times too high. 
This was unexpected, for a discussion in the 


’Keesom and Clark, Physica 2, 513 (1935); W. H. 
Keesom, Proc. Roy. Soc. A152, 12 (1935); N. F. Mott, Proc. 
Roy. Soc. A152, 42 (1935). 
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earlier paper indicated that the Curie tempera- 
ture, when translated into energy units, should 
be of the same order of magnitude as the energy 
difference between the magnetized and un- 
magnetized states at the absolute zero, and this 
relation was found to hold for the observed 
Curie temperature and the calculated energy 
difference. That argument, however, was based 
on the Weiss and the Heisenberg theories of 
the temperature variation of ferromagnetism, 
and when the present theory is worked out it 
appears that the Curie temperature is much 
larger in comparison with the energy difference 
at absolute zero than on those theories. To get 
agreement with experiment, it was thus neces- 
sary to reduce decidedly the energy difference 
between magnetized and unmagnetized states, 
and this could be done in either of two ways, by 
reducing the exchange integral or by modifying 
the distribution of stationary states so as to 
increase the energy expended in raising electrons 
of negative spin to unoccupied states of positive 
spin. Both methods were investigated, and it was 
found that agreement with experiment could not 
be secured in any easy way by the second method, 
but that the first alone sufficed to bring the 
results into good agreement with experiment. 
In the earlier paper, the exchange energy was 
taken to be —1866u? cm~', where yu is expressed 
in Bohr magnetons per atom. Expressed in 
thermal units this is —5320y* cal. per g mole. 
In place of this value it was found necessary to 
use the value —3315,? cal. per g mole, only 0.62 
of the previous figure. A very plausible argument 
can be given for supposing such a change to be 
correct, however, as will be indicated in a later 
paragraph. 

Using the revised exchange integral, the 
values of free energy plotted in Fig. 1 were 
calculated. In this figure the free energy WV, in 
calories per g mole, is plotted as a function 
of u, for a variety of temperatures. On each curve 
the temperature is indicated, as a fraction of the 
Curie temperature. It will be observed, in ac- 
cordance with expectation, that each curve 
below the Curie temperature has a minimum 
for some value of u. Furthermore, as the tempera- 
ture increases, this value of » decreases from 
the value 0.6 which it has at the absolute zero 
(the curves being adjusted to give this value) 
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to the value zero at the Curie point. To com- 
pare with experiment, the dotted line of Fig. 1 
is the experimental curve which should pass 
through the minima, and the circles represent 
the particular points on the curve where the 
minima should be found for the various tempera- 
tures. To compute the dotted curve, we have 
found the free energy for each temperature, by 
the method described above, and have plotted 
it against the observed saturation magnetic 
moment, marking the points of the curve cor- 
responding to particular temperatures. Since the 
free energy is roughly proportional to 7°, this 
curve resembles the familiar curve of yu as 
function of 7*, with abscissa and ordinate inter- 
changed. When now we compare the dotted 
curve with its circles with the minima of the 
theoretical curves, the agreement is surprisingly 


satisfactory. The minima of the theoretical 
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Fic. 1. Theoretical electronic free energy of nickel, in 
calories per g mole, as function of magnetic moment, in 
Bohr magnetons per atom, for different temperatures, 
expressed as fractions of the Curie temperature (approxi- 
mately 630° Abs.). Minima give equilibrium values of 
magnetic moment and free energy. Dotted curve gives 
experimental relation between free energy and magnetic 
moment, obtained from specific heat and saturation 
magnetization, circles representing points on dotted line 
corresponding to the various temperatures plotted, there- 
fore being experimental positions of minima, 
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curves at low temperature seem to show a slight 
tendency to come at too small values of yu, but 
it is hard to tell whether this tendency is real 
or not, on account of the difficulty of the calcula- 
tion and the inaccuracy in the curves. The values 
of free energy at the minima, at low tempera- 
ture, agree practically perfectly, showing that the 
calculated specific heat is almost exactly right 
(in contrast to the cruder calculations of the 
previous paper, where the agreement was only 
as to order of magnitude). In fact, in the Ap- 
pendix the free energy is expressed analytically 
as a function of temperature, and the specific 
heat at low temperature found by differentia- 
tion, with about two percent 
with Keesom’s experimental value. At higher 
temperatures, it will be seen that the experi- 
free energies depart 


agreement to 


mental and _ theoretical 
appreciably from each other, the experimental 
points lying lower, indicating that the experi- 
mental specific heat is greater than the theoret- 
ical. This is not surprising, for it is entirely 
possible that other terms in the specific heat, 
not of electronic origin at all, are becoming 
appreciable at these temperatures, as often 
happens with metals. Even if this is not the 
case, the agreement is probably within the 
error of the calculation and of experiment. 

The net result, then, is agreement between 
theory and experiment both in the magnetic 
moment as a function of temperature, and in the 
free energy. It would be more convincing to 
calculate magnetic moment directly by finding 
the minima of the curves, and to find a theoretical 
free energy, differentiate it twice, and thus get a 
theoretical specific heat curve, to compare with 
experiment. The difficulties with this program 
are entirely practical. It has been stated that the 
calculations were difficult to carry out accurately, 
for the two terms in the energy, the exchange 
term and the other one, almost exactly cancel, 
and the net result is the difference of almost 
equal quantities. With curves as uncertain as 
these are, an attempt to find the minima nu- 
merically is seen from Fig. 1 to be impracticable. 
The free energy as function of temperature could 
be found more accurately from the ordinates of 
the minima, but to get the specific heat we should 
have to differentiate this curve twice numerically, 
and this would introduce great errors. We must 
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thus be content with the type of comparison 
with experiment which we have used. It seems 
entirely satisfactory, however, within the limits 
of error. 

Two points in connection with the calculation 
deserve further comment. In the first place, as 
has been stated, it was necessary to use an 
exchange integral only 62 percent of the value 
found in the previous paper. Not only this, but 
the value of the integral is found rather ac- 
curately from the requirement that the Curie 
point agree with the experimental value, for a 
very few percent in the exchange integral make a 
large proportional change in the small difference 
between exchange and binding energies, which 
much more nearly cancel than in the previous 
paper. The earlier value of the integral, however, 
was derived from empirical spectrum terms, and 
it is not legitimate to change it as drastically 
as this without justification. One fact was over- 
looked in the previous paper, however. The 
integral was found from a configuration of 
nickel in which there were 8 d electrons, whereas 
in the metal there are about 9.4 d electrons per 
atom. The increased number of electrons in the 
d shell in the metal will increase the shielding 
on each electron, causing the orbits to increase 
in size, and will thereby decrease the exchange 
integral, which is very sensitive to orbital 
dimensions. The amount of change cannot be 
estimated from available nickel terms, but in the 
next element, cobalt, such an estimate can be 
made. In Co I we have two configurations, 
3d‘4s* and 3d*4s, both leading to the terms *F 
and *P, analogous to the *F and *P in nickel, 
used in determining the exchange integral in the 
previous paper. The interval between the centers 
of gravity of these multiplets is about 14,700 
cm~ in the 3d74s? configuration, but only about 
10,500 cm, or 71 percent as great, in 3d*4s. 
If this figure of 71 percent can be accepted for 
the decrease in the integral on adding one elec- 
tron to the shell, the integral for nickel should 
have been (0.71)'!*=0.62 times as great as first 
estimated, in exact agreement with the factor 
which we found necessary to fit the magnetic 
observations. Since the earlier value of the ex- 
change integral was estimated to be accurate 
only to five or ten percent, this exact agreement 
of course is fortuitous. 
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' 
The second interesting point may be seen by 


reference to Fig. 1. It has been previously sup- 
posed‘ that at the absolute zero all electron 
spins were parallel to each other. On the other 
hand, the curve for 7=0 in Fig. 1 shows a 
minimum at a value of u slightly less than that 
corresponding to all spins being parallel. The 
figure is drawn on the assumption that there 
are empty spaces in the d shell corresponding 
to 0.64 electron atom; in this the 
minimum energy is for a state with 0.62 electron 
of positive spin, 0.02 of negative spin, giving the 
net spin of 0.60, as observed. This minimum is 


per case 


real, not a result of inaccuracies in computation, 
as an analytical investigation of the theoretical 
nature of the curves in this neighborhood shows. 
The writer knows of no theoretical method of 
discovering whether this is in agreement with the 
facts or not. The shape of the curve near the 
minimum could be investigated only by studying 
the change of saturation moment in fields much 
stronger than can be obtained, in which case 
theoretically the moment could eventually be 
increased to a true saturation of 0.64 magneton 
per atom, but this is outside the range of experi- 
mental fields. There is, however, a very interest- 
ing possibility opened up by this effect. It is 
well known that the moments of 
Ni, Co, and Fe at the absolute zero correspond, 
respectively, to 0.6, 1.7, and 2.2 magnetons per 
atom. If the number of s electrons per atom 
remains approximately unchanged in this series, 
we should expect the saturation moment to 


saturation 


increase by one unit in going from one atom to 
the next, so that it should be about 2.7 for iron, 
rather than 2.2. It is now attractive to suppose 
that when the calculations for iron are carried 
out it may be found that the minimum of the 
curve, at absolute zero, lies not where the mo- 
ment is 0.60/0.64 of its maximum possible value, 
but at the smaller proportion 2.2/2.7. That is, 
we suppose that as the end of the series of 
ferromagnetic elements is reached, the curve of 
W versus yw at absolute zero does not suddenly 
change from a curve like that for nickel, with 
maximum energy at 1.=0, to a curve of the non- 
magnetic type with a minimum at u=0, but 
that rather the minimum already present in 


*N. F. Mott, Proc. Phys. Soc. 47, 571 (1935); J. C. 
Slater, reference 1. 
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nickel gradually moves in toward nh=0. This 
is in accordance with the observed facts for 
alloys. In the first place it is found that the 
highest saturation moments are found, not in 
iron, but in iron-cobalt alloys, which contain 
a smaller number of holes per atom in the d shell 
than iron, and at first sight would be expected to 
have smaller moments. Presumably the effect 
of which we are speaking begins to be important 
between these alloys and iron itself, cutting the 
moment of iron below its expected value, with- 
out greatly affecting the alloys. 
In the second place, alloys of iron with lighter 
elements, as chromium and manganese, have 
more holes per atom in the d shell than iron, 


iron-cobalt 


and might be expected to show greater satura- 
tion moment. As a matter of fact they show less 
an observation interpreted by Weiss’ and his 
colleagues by the assumption that the moments 
of the chromium or manganese atoms set them- 
selves opposite to the moments of the iron atoms, 
an assumption which has no place in the present 
type of theory. Rather we may assume that, in 
spite of having more holes in the d shell than 
iron, the tendency of the minimum of the free 
energy curve toward .=0 is so marked in these 
alloys that the moment is really less than iron, 
not greater. These remarks are illustrated by 
Fig. 2, in which the saturation moments of the 
alloys of Ni-Cu, Ni-Zn, Ni-Co, Fe-Ni, Fe-Co, 
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Fic. 2. Saturation magnetic moments of ferromagnetic 
alloys at absolute zero, in Bohr magnetons, as function of 
number of empty holes in d shell, arbitrarily taken to be 
0.64 in Ni, 1.78 in Co, 2.78 in Fe. Data from references 5. 


5 P. Weiss, ‘‘Recherches récentes sur le magnétisme,” 
Congrés International d’électricité (Paris, 1932); M. 
Fallot, ‘‘Ferromagnétisme des alliages de fer,’’ Thesis 
(Paris, 1935). The curves for Fig. 2 are taken from these 
references. 
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Fe-Mn, Fe-Cr, and Fe-V are plotted as a func- 
tion of the number of holes in the d shell, 
equalling the maximum possible magnetic mo- 
ment if as many spins as possible were parallel. 
It will be seen that up to about halfway between 
Co and Fe, all the alloys lie very nicely on a 
line which is approximately the 45° line, indi- 
cating almost maximum possible moment, but 


SLATER 


that at this point the curve breaks away, start- 
ing to decrease, which we interpret to mean that 
only part of the available spins are parallel in the 
state of minimum free energy. 

The writer is greatly indebted to his colleague 
Professor Francis Bitter for interesting discus- 
sions, and particularly for assistance in locating 
references in the ferromagnetic literature. 


APPENDIX 


We first find the free energy y of a system of electrons 
all of the same spin, the energy being a sum of one-electron 
energies of the various electrons. A stationary state of 
the system is denoted by the values of the n,’s, the number 
of electrons in the ith orbital, where by the exclusion 
principle m; is limited to the values 0, 1. If there are No 
electrons, we have 

No= =n. (1) 
i 
If the one-electron energy of an electron in the ith state 
is ¢;, the total energy E is 


E==nie. (2) 
‘ 


Then according to Gibbs the free energy is given by the 
equation 

exp (—y/kT) == exp (—E/kT), (3) 
where the summation is to be extended over all stationary 
states of the combined system; that is, over all combina- 
tions of the m;’s consistent with (1) and the exclusion 
principle. By using (2), Eq. (3) becomes 


exp (—y¥/kT) =ZII exp (—nie:/kT), (4) 
where again each n;, is to range over the values 0, 1, subject 
to the condition (1). Introducing an index z, we have 
exp (—y/kT) =coefficient of term in 2° in 

Il(1+z exp (—«/kT)) 
‘ 
1 dz , 
= II(1+2x;), (5) 


2mi~ gNor ; 





where x;=exp (—«:/kT). We evaluate the integral (5) by 
the method of steepest descents. To do this, we first find 
the minimum of the integrand along the real axis; then we 
know that the integral is given by a constant times the 
value of the integrand at this point. To find the minimum 
of the integrand, we take the logarithm and differentiate: 


d 
+2 In (1+2x;) — (No+1) In | 


az 


= Dx;/(1+2x;) —(No+1)/2=0, 
‘ 


from which, neglecting unity in comparison to No, 


1 , 
(6) 


Ne=z 


7 (1/z)e* rT 41 





We recognize in (6) the familiar condition in the Fermi 
statistics determining the number of particles as the sum 
of the number in the various stationary states, and see 
that in the usual notation we should let 

z=exp (¢/kT). (7) 
Substituting this value of z in (5), and again neglecting 
unity compared to No, we have 


exp (—y¥/kT) =constant times exp (— Not /kT) 
II(i+exp ((¢—«)/RT)), 


and 


¥ =constant + Not —kTZ In (1+exp (({—e:)/kT)). (8) 
t 

The formulas we have derived are convenient when 
most of the energy levels are empty. In our case, however, 
most of the states are filled, only the top states of the 
d band being empty, and it is better to rewrite the formulas 
so that the essential contributions to the sums come from 
the holes, not the filled levels. Thus assume there are 
only N; empty stationary states, so that No+N; equals 
the total number of stationary states, which is assumed 
finite (as in the d bands). Then in place of (6) we have 


2 . 1 
mazlr-—— a] 
j exp ((e;—£)/kT) +1 (9) 
a 1 - 
7 exp ((¢—e)/kT) +1 





The quantity being summed in (9) is approximately equal 
to unity for the states empty at absolute zero, for which 
« is greater than ¢, but is approximately zero for the states 
occupied at absolute zero. In place of (8) we have 


¥(Mi, T)=constant +(No+Ni— Nie 
—kTZ In (exp ((f{—«:)/RT)) 


—kTZ In (1+exp ((6;—5)/RT)) 


=constant+2e— Nit 
i 


—kTS In (1+exp ((e—f£)/kT)). (10) 


The quantity being summed in (10) is again approximately 
zero for the states occupied at absolute zero, but is approxi- 
mately equal to ¢—« for the states unoccupied at absolute 
zero. Thus at absolute zero, leaving out of account the 
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first two terms in (10), which are constants, we see that ¥ 
is equal to the negative of the sum, over unoccupied states, 
of ¢;; that is, to the work required to remove the electrons 
from these states, starting with all states filled. 

By using the numerical distribution of stationary states 
in the d band described in the previous paper, the quantity 
¥ from (10) has been computed for a variety of tempera- 
tures as a function of N;. Actually ¢ rather than N; was 
used as the fundamental parameter, N; being calculated in 
terms of ¢ from (9), and y from (10). Finally ¢ was elimi- 
nated by plotting y as a function of Ni, interpolating to 
get the values at suitable values of N;. 

As mentioned earlier in the paper, the free energy is a 
quadratic function of T at low temperatures; it was conse- 
quently found convenient for some purposes to plot ¥ asa 
function of 7?, for varicus values of N;. When this was 
done, it was found that the curves were very nearly 
straight lines over the range of temperature used, and that 
they could be expressed with great accuracy by quadratic 
functions of T*. Furthermore, by a fortunate chance, the 
coefficient of the term in 7* was almost the same function 
of N, as the coefficient of the term in T?, so that it was 
accurate enough to take the same coefficient in each case. 
As a result, it was possible to write 


¥(Ni,T) =f(Ni1) —2(N1) { T?-—3.35 X107T*}, (11) 


where f(N;) and g(N;) are empirical functions of N;, and 
the coefficient of the J* term is empirical. 

Now we are ready to consider the actual crystal. Let 
there be N atoms in the crystal, so that there are 10N 
states for d electrons, 5N of each spin. Assume there are 
(10—n)N electrons in these states, of which (5—n/2 
+yu/2)N have positive spin, (5—n/2—yu/2)N negative 
spin, so that there are (m/2—y/2)N electrons missing 
from states of positive spin, (”/2+,y/2)N from those of 
negative spin. Then we may write the whole free energy 
as the sum of functions (11) for these two spins. This 
gives the contribution to the free energy coming from the 
one-electron energies of the electrons. From it must be 
subtracted the exchange energy, which as shown in the 
previous paper is quadratic in wu, and whose coefficient has 
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been already seen to be 3315 cal. per g mole. Thus we have 
as the complete free energy ¥(u, T) of the crystal 
V(u, T) =Y((n/2—p/2)N, T)+0((n/2+4/2)N, T)—3315p2 
= {f((m/2—p/2)N)+f((n/2+p/2)N) — 3315.2} 
2—p/2)N)+2((n/2+y4/2)N 

x { T7?-—3.35 K107T*} 
= F(u) —G(u){ T?—3.35 X107T*}. (12) 


2 
— {g((n 2 } 


Values of F(u) and G(u) as functions of (u), computed for 


n=0.64, are given in Table I. They are the values from 


TABLE I, 

ms F(u) G(u) m F(u) Gu) 
0 75.3 0.001311 0.49 11.2 0.001062 
0.04 74.5 1309 50 9.7 1050 
.08 72.8 1305 51 8.1 1038 
12 70.0 1295 52 6.7 1026 
.16 66.2 1285 53 5.5 1014 
.20 61.4 1270 54 4.0 1000 
.24 55.6 1251 55 2.8 985 
.28 49.1 1230 .56 1.7 970 
32 41.6 1206 .57 1.0 952 
36 34.0 1180 58 5 934 
40 26.5 1148 .59 - 912 
44 19.5 1112 .60 0 888 
48 12.8 1072 .61 3 861 
.62 1.0 830 
.63 2.0 785 
.64 4.1 624 


which Fig. 1 was constructed. The values have been 
smoothed, but probably are not accurate to the last sig- 
nificant figure given. The constant in F(u) is adjusted so 
that the energy of the stable state at absolute zero is zero, 
The unit for F(z) is calories per gram mole, and for G(z) 
calories per gram mole per degree’. It is to be noted that 
the value of G(u) for 1 =0.60 should give the coefficient of 
T? in the actual free energy near the absolute zero, and 
should agree with half the experimental value of C,/7, or 
has been stated above should be 0.000872. Our value, 
0.000888, differs from this value by about two percent, 
as has been previously stated. 
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Use of the Image Potential for the Surface Photoelectric Effect 


R. D. Myers, Department of Physics, Cornell University 


(Received April 27, 1936) 


The surface photoelectric effect in metals is calculated taking account of the image force 
between electron and metal. The result is an increased number of slow electrons and a some- 
what steeper maximum of the photoelectric effect as a function of the illuminating frequency. 
No agreement with experiment is obtained because the reflection and refraction of the light 


has not been taken into account. 


UANTUM mechanics affords a means for 

attacking the problem of the photoelectric 
effect. Near the threshold frequency the photo- 
emission from metals arises because of the rapid 
change in the potential at the surface. Mitchell 
has given a convenient method for treating this 
surface photoelectric effect by means of station- 
ary wave functions.' In this method the light is 
treated as a perturbation, which is found to add 
to the unperturbed solution of the wave equation 
a term representing outgoing waves or an electron 
emission. Mitchell has assumed a potential step 
at the surface of the metal, for it is then possible 
to express the solution with elementary func- 
tions. But it is only because of the change in the 
potential at the surface that there is any emis- 
‘sion. It, therefore, is to be expected that the 
result is sensitive to the form of the potential 
assumed. For moderate distances from the sur- 
face of the metal the Schottky effect shows that 
the image potential is correct. It is also satis- 
factory with respect to reflection, since it has a 
very small reflection coefficient, thus giving the 
experimentally required Maxwellian velocities of 
thermionic electrons. The potential step fails in 
this respect since it gives rise to a large selective 
reflection of slow electrons. Further we do not 
need the exact form of the potential very near 
the surface as the wave function is no longer 
sensitive to the variations in the potential since 
the potential is already very low. Therefore the 
image potential seemed a suitable choice all the 
way from the metal to infinity. 

The metal was treated essentially as an electron 
well containing free electrons. The wave-length 
of the light was assumed very long compared to 
that of the electrons, and refraction and reflection 
were neglected. Inside the metal the solution of 


"1 Mitchell, Proc. Roy. Soc. A146, 442 (1934). 


the wave equation is given by plane waves. 
Sufficiently far outside the WKB solution is 
satisfactory because the potential variations are 
small compared to the potential. These solutions 
were joined by numerical integration from 1A to 
10A. Continuity conditions and normalization to 
fit the Fermi-Dirac electron distribution in the 
metal determined all the constants, and hence 
the emission. The numerical work was carried 
out for potassium with a work function of 1.9 
volts and a well of depth 3.8 volts. 

The result of these calculations was compared 
with that obtained by using the potential step, 
and will be found in Table I. For a given fre- 


TABLE I. Comparison of calculations used in the image 
potential and that using the potential step. 


INcI- 
INITIAL DENT FINAL IMAGE POTENTIAL 
State LiGHt STATE POTENTIAL STEP 


(volts) (cm) (volts) (105 Xelectrons/quantum volt*) 





—1.95 16500 .06 5.28 Xsin*@/cos@ 3.60 Xsin*@/cosé@ 
20600 .57 2.43 3.45 
24600 1.07 1.26 2.16 
28700 1.58 ae 1.36 
32800 2.04 42 87 
37000 2.56 30 .60 

—2.46 20600 .06 21.10 14.85 
24600 .57 11.13 15.30 
28700 1.07 6.18 10.20 
32800 1.58 4.11 6.84 
37000 2.04 2.55 4.59 
41000 2.56 1.68 3.30 

—2.96 24600 .06 16.92 12.36 
28700 .57 10.17 14.19 
32800 1.07 6.42 10.26 
37000 1.58 4.05 7.08 
41000 2.04 2.61 5.04 

—3.56 28700 .06 9.66 7.14 
32800 .57 6.48 8.88 
37000 1.07 4.29 6.54 

2.67 


41000 1.58 4.74 


*i.e., to obtain the photoelectric yield integrate over the width of 
the electron band in volts. 
@ =angle of incidence of the light. 
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FREQUENCY OF INCIDENT LIGHT 


Fic. 1. Photoelectric current-observed values and values 
calculated from image forces and potential step. 


quency it will be noticed that there is a larger 
percentage of slow electrons if one uses the image 
potential. For electrons of 0.1 volt energy the 
image potential gives a larger number, but for 
energies of 1 volt or more the potential step gives 
the larger. This comes about as the result of two 
opposing factors. Firstly the potential step gives 
rise to greater transition probabilities between 
the bound states and states with sufficient energy 
for the electron to escape from the metal. This 
results since the wave function oscillates less 
rapidly near the metal because the potential is 
higher than for the image potential and therefore 
contributes more to the matrix element. On the 
other hand considerable reflection occurs at the 
potential step especially for small energies. This 
second factor predominates when the energy of 
the electron is less than 0.1 volt, but becomes 
small when the energy is larger than this. 

If one plots the total emission against fre- 
quency there results the curves shown in Fig. 1. 
As is to be expected from the above results one 
finds near the threshold frequency a greater yield 
of electrons. Also the maximum occurs at a 
slightly lower frequency and then falls off some- 
what more rapidly than with the potential step. 
The reason is to be found in the fact that the 
rise in the curve occurs as it becomes possible to 
remove electrons from deeper lying levels. On 
reaching the Jowest electron level the decreasing 
transition probability causes the emission to fall 
off except as the increasing transmission delays 


PHOTOELECTRIC 
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this, as it does for the potential step. Comparison 
with Suhrmann and Theissing’s experimental 
curve? shows, however, that even the image 
potential yields a less rapid decline than experi- 
ment demands. To compare the absolute magni- 
tude of the photoelectric yield the angle of 
incidence must be known. Suhrmann and 
Theissing do not give the angle of incidence they 
used; it was taken to be 60°. Other reasonable 
choices might change the emission by a factor of 
two. 

So far taken of the 
reflection and refraction of the light occurring at 
the surface of the metal. If this is done, the 
vector potential of the light is no longer a 
constant, but fluctuates widely in the region 


no account has been 


where the photoelectric effect arises. To give a 
correct quantum mechanical treatment is an 
arduous task, even for the potential step, but 
Schiff and Thomas* have shown that above a 
certain frequency the photoelectric emission falls 
off. This critical frequency seems to be charac- 
terized by the fact that the vector potential of 
the light wave becomes infinite at some point in 
the metal. In a phenomenological description 
this would correspond to zero dielectric constant 
at that point. A reasonable estimate of the 
critical frequency leads to a value near the 
observed maximum of the photoelectric effect. 
The effect of the refraction and reflection intro- 
duces into the distribution curve a maximum 
sharper than that found by us and in better 
agreement with experiment. 

Although the introduction of the image po- 
tential alone has failed to bring about complete 
agreement with experiment, the large changes 
introduced into the velocity distribution and the 
absolute magnitude of the yield, shows that a 
complete theory must consider the correct image 
force on the electron as well as the reflection and 
refraction of the light. 

I would like to express my appreciation to 
Professor H. A. Bethe for the help given me 
during the course of this work. 





2Suhrmann and Theissing, Zeits. f. Physik 52, 453 
(1928). 
3 Schiff and Thomas, Phys. Rev. 47, 860 (1935). 
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A High Speed Geiger-Counter Circuit 


H. V. NEHER AND W. W. HarPER, California Institute of Technology 
(Received March 24, 1936) 


An improved Geiger-counter circuit is described which 
has the following characteristics: (1) It will respond to at 
least 2105 particles per minute. (2) Easily obtainable 
resistances of not more than a few million ohms are used. 
(3) Consistency of operation is obtained since surface 
leakages and surface charges are unimportant. (4) The 
circuit will operate equally well with very small or very 
large counting tubes, and at either low or high counting 


rates. (5) The counts are independent of the voltage on the 
counter over a wide range. (6) A large pulse is obtained 
which makes possible the use of low values of resistance and 
capacity to the mixing tube in case several counters are 
used to count coincidents. (7) The circuit is simple, 
inexpensive to make and has given satisfactory perform- 
ance on several different research problems at this Institute. 





INTRODUCTION 


HE conventional Geiger-counter circuit, 

which employs a high resistance (10° to 
10'° ohms) to extinguish the discharge caused by 
the response of the counter to an ionizing particle, 
becomes inefficient at high counting rates due to 
its long recovery time. The use of such high 
resistances also makes it necessary to take 
precautions to minimize circuit leakage. In 
certain applications of Geiger counters these 
precautions are difficult to carry out. The pur- 
pose of the present paper is to disclose an im- 
proved Geiger-counter circuit which surmounts 
these difficulties. Although the virtue of the 
new circuit is mainly realized in its application 
to high speed counting, the convenience afforded 
in the use of a low extinguishing resistance (10° 
to 107 ohms) makes it useful in many ap- 
plications. 


DESCRIPTION OF CIRCUIT 


The new circuit is shown in Fig. 1. The Geiger 
counter M is connected to a standard radio 
receiving tube, such as the Type 57. The anode 
wire of the counter is directly connected to the 
plate of the ’57 tube, while the cathode cylinder 
connects to the control grid. The value of the 
grid resistor R, depends in general upon the 
physical constants of the Geiger counter. Its 
value varies from 10° to 5X10’ ohms. A resistor 
of 210° ohms is suitable for use at R,. The 
control grid potential E,, which becomes critical 
under certain conditions, is regulated by the 
potentiometer P and the voltmeter V;. The 
screen grid potential is not critical. A value of 
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Fic. 1. Counter circuit diagram. 


45 volts has been used in taking all the char- 
acteristics submitted herewith. The high voltage 
for both tube and counter is applied at E,. This 
potential is measured by an electrostatic volt- 
meter, V2. A coupling condenser C, having a 
capacity of approximately 50 cm is connected in 
the output circuit. The impluses delivered by 
the counter circuit are applied to a low frequency 
amplifier of the transformer coupled type having 
a voltage gain of 10*. The amplified impulses are 
then fed into an electrical counting circuit such 
as described by Hunt.' This circuit provides a 
means of obtaining an instantaneous indication 
of the average rate at which random impulses 
are received. 

The Geiger-counter tube employed for taking 
the data presented herewith has a cylindrical 
copper cathode 7 cm (2.75 inches) in diameter and 
61 cm (24 inches) in length. The coaxial anode 
wire is of 20-mil tungsten. These electrodes are 


1 Hunt, Rev. Sci. Inst. 6, 43 (1935). 
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mounted in a Pyrex tube. The counter is filled 
with argon at a pressure of 5 cm of Hg. 

The new circuit has been successfully operated 
with counter tubes of various sizes and designs. 
In general it has been found necessary to in- 
crease the value of R, to avoid critical circuit 
constants when using counter tubes of small 
dimensions. As an extreme example, a counter 
0.63 cm (0.25 inch) in diameter and 2.54 cm 
(1 inch) in length required a grid resistance of 50 
megohms for satisfactory operation. 

The circuit may also be operated with vacuum 
tubes other than the type 57. The °32, ’6C6, 
and '77 give equally good results. 


OPERATION OF CIRCUIT 


Before proceeding with a discussion of the 
performance characteristics of the circuit, we 
will endeavor to describe its operation. Under 
normal conditions (prior to the passage of an 
ionizing particle through the counter) the volt- 
age E, maintains the control grid of the '57 tube 
sufficiently negative to prevent the flow of ap- 
preciable plate current through R,. The potential 
E, is adjusted to such a value that the effective 
voltage across the counter tube is above its 
voltage threshold, i.e., the counter is assumed to 
be in a sensitive state. The passage of an ionizing 
particle through the counter initiates a dis- 
charge between its electrodes. This discharge 
causes the potential of the control grid to be- 
come less negative, thereby increasing the plate 
current flowing through R,. If the change in 
grid potential is of sufficient magnitude, the 
voltage drop in R, will result in the effective 
counter voltage dropping below the threshold 
value. Thus, the counter discharge is extin- 
guished and the circuit recovers to normal 
conditions in a period determined by its time 
constant. The amplifying action of the ’°57 
tube permits satisfactory counter operation with 
a total circuit resistance far below the value 
ordinarily employed with Geiger counters. 

Clearly, the value of the grid potential E,, 
must be within certain limits. If Z, is made too 
negative the voltage impulse developed in R, 
due to the passage of a particle through the 
counter will not be able to affect the plate cur- 
rent by an amount sufficient to cause extinction 
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of the discharge. Under these conditions of 
steady discharge the counter is insensitive to 
ionizing particles. At certain high negative grid 
potentials, one finds that this “blocking” action 
occurs intermittently, with a resulting reduction 
in counting efficiency. 

An operating limit is also reached when the 
negative grid bias is made too low. In this in- 
stance, the plate current may be increased to the 
point where the voltage drop in R, will bring 
the effective counter voltage below the necessary 
threshold value. Even before threshold voltage 
is reached a loss in counting efficiency is noted. 


Crrcuit CHARACTERISTICS 


The comparative performance of the above- 
mentioned counter tube in both a conventional 
circuit and in the new circuit is shown in Fig. 2. 
The broken curves show the count-voltage 
characteristics of the large counter in a con- 
ventional circuit. The lower curve is the natural 
background counting rate. The upper broken 
curve depicts the increase in counting rate by 
placing an intense gamma-ray source at a dis- 
tance of 10 meters from the counter tube. The 
solid curves illustrate the performance of the 
new circuit under equivalent conditions. The 
extinguishing resistor used in the case of the 
conventional circuit was 10° ohms. In- the new 
circuit, both R, and R, had a value of 210° 
ohms. The coupling capacity, C, was the same in 
both cases. 

The count-voltage characteristics of the im- 
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Fic. 2. Comparative performance of a counter tube in 
the conventional circuit (broken curves) and in the new 
circuit (full curves). 
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proved circuit are shown in Fig. 3, where R, has 
been taken as a parameter. The values of R, 
range from 1 to 20 megohms. With the counter 
in use it was not feasible to operate with less 
than 1 megohm. These data were taken with a 
gamma-ray source 2 meters from the counter 
tube. The negative grid potential is different 
for each curve. The procedure in determining 
the optimum value of E, for a given grid resist- 
ance will be described in the following paragraph. 
It will be noted that with the exception of the 
curve representing operation with 20 megohms, 
a very satisfactory range exists in which the 
count is substantially independent of voltage. 
It should be mentioned that when using high 
values of resistance the percentage of counts 
lost decreases with the counting rate, i.e., as the 
counting rate is decreased all the curves in Fig. 3 
tend to coalesce. 

The proper value of grid potential consistent 
with satisfactory operation may be roughly 
determined by listening with headphones to the 
impulses delivered by the circuit while adjusting 
the potentiometer P. The potential Z,, of course, 
should be set at a value above threshold. For a 
given grid resistance, it will be observed that 
the counter functions normally only when £, is 
within certain limits. Intermittent or permanent 
‘blocking’ occurs if the negative grid bias is 
made too great. Decreasing the negative bias, on 
the other hand, drops the counter voltage below 
threshold due to the plate resistor R,. Between 
these two limits an operating range of grid 
potential is found. The magnitude of this range 
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Fic. 3, The count-voltage characteristics of the improved 
circuit. 
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of grid potentials depends on both R, and E, as 
will be shown. 

The behavior of the circuit with respect to the 
grid potential value is best understood by study- 
ing the counting rate as a function of E,; the 
plate potential as measured by V2 being con- 
sidered a parameter. Fig. 4 illustrates the nature 
of the count-grid potential characteristic. These 
curves were made using a grid resistance of 4 
megohms. For a plate potential of 1275 volts a 
region occurs between negative grid potentials of 
5.5 and 6.0 volts where the counting rate is 
quite constant. At higher plate potentials this 
constant region moves toward lower grid po- 
tentials. In taking these curves the gain control 
on the amplifier was turned down so that the 
“blocking’”’ action referred to above was not 
effective in operating the frequency meter. 

In general, for various values of R,, it is 
possible to determine empirically the relationship 
between grid potential and grid resistance. The 
results of such measurements are plotted in Fig. 
5. The solid curve gives the optimum value of 
E, for various grid resistances. This curve applies 
only to the large counter previously described. 
For each value of grid resistance used, the plate 
potential is adjusted so as to be approximately 
50 volts beyond the knee of the count-plate 
potential curve. Between the limits of *“‘blocking”’ 
and “threshold” the counting rate is practically 
independent of grid potential. 

It will be observed that when using 1 megohm 
the operating range of grid potential becomes 
very small. This presents no serious difficulty 
since the grid bias may easily be held to within 
10- volt. 
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The response of the circuit can be appreciated 
from the inverse square law curve of Fig. 6. The 
counting rate is plotted as a function of the 
inverse of the square of the distance between 
the gamma ray source and the counting tube. 
No precautions were taken to guard against 
the effect of scattered radiation. Linearity is 
attained until distances are reached which are 
comparable to the dimensions of the counting 
tube. Failure to find linearity in this relationship 
may result from a deficiency of amplification 
between and the 
frequency meter. At high counting rates the 


the counter circuit proper 
average impulse voltage may drop below the 
threshold required by the frequency meter. The 
gain control on the amplifier provides a reliable 
test as to whether or not the threshold voltage 
of the frequency meter is being satisfied. As the 
gain control is increased from zero, the counting 
rate as indicated by the frequency meter should 
increase until the average voltage of the im- 
pulses passes the threshold. Further increase 
in gain will have no effect on the counting rate. 
Unless the gain control can be carried beyond 
the point where no increase in counting rate 
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Fic. 6. The test of the circuit response. 


occurs, one cannot be certain that the threshold 
conditions are satisfied for the frequency meter. 


CONCLUSION 


The new circuit, in combination with a suit- 
able amplifier and frequency meter, constitutes 
a reliable means of detecting either photons or 
ionizing particles. The low resistances employed 
result in a time constant small enough to permit 
counting at rates as high as 210° particles per 
minute. Even where high counting rates are not 
involved, the fact that satisfactory operation 
may be had with low values of extinguishing 
resistance is of importance in numerous applica- 
tions. As an example, the use of a conventional 
Geiger-counter circuit in connection with a 
mass spectrometer became difficult due to surface 
leakage. With the new circuit this leakage was 
unimportant. 

The large negative pulse developed in the 
plate resistance makes it possible to use a small 
coupling capacity to the “mixer’’ tube of a 
coincident counting system. The new circuit has 
been found to give improved results in such 


systems. 








JUNE 15, 1936 PHYSICAL 


VOLUME 49 


REVIEW 


LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the twentieth of the preceding month; for the second issue, the fifth of the month. The Board 
of Editors does not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


Structure of the Extremely Soft X-Ray Absorption of Solids 


The structure of the absorption of several metals and 
compounds has been studied in the region from 170A to 
500A with a small vacuum spectrograph of the Thibaud 
type. The absorbing films were prepared by distillation 
within the vacuum spectrograph onto celluloid films which 
have been shown previously to be quite transparent in this 
region.! The deposit was observed during distillation by 
both reflected and transparent light. Celluloid films which 
have been aged for a few days in a dry room are remarkably 
resistant to the heat of the distilling furnace and if only a 
millimeter in diameter will withstand a pressure difference 
of several mm of mercury. Ilford Q plates proved much 
more sensitive than oiled plates and more uniform than 
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Fic. 1. Microphotometer curves of absorption spectra 
taken with a hot spark source. 


Schumann plates. Structure in addition to that given in an 
abstract in the program of the Washington meeting of the 
Physical Society has been found on examining films of 
several thicknesses of each substance. The strongest ab- 
sorption of the metals does not appear at the position of 
the edge but at shorter wave-lengths and both metals and 
compounds show sharp bands indicating to a large extent 
that the empty states of solids retain their individual 
character and overlapping is not so extensive as has been 


expected. 
Typical microphotometer curves of the spectra of a hot 
spark transmitted by films of lithium metal, lithium 


chloride, and magnesium metal on celluloid are shown in 
Fig. 1. For lithium in addition to the band at 213A given 
in the author’s abstract,? there is a second band at 196A 
and the relatively faint edge at 225A. Apparently the 
observations of Skinner and Johnston* were made on a 
thicker film giving only the edge as a private communica- 
tion confirms both bands and the edge. The positions of the 
sudden increases of absorption probabilities found in this 
manner agree with the excitation potentials measured by 
Skinner‘ if a contact potential correction of one volt is 
made. Lithium chloride gives very sharp bands at 204A 
and 192A. The other lithium halides show a similar pair of 
bands in the same region but the sodium halides only on 
prominent band at 372A. The widths of these bands which 
are due to the alkali ion of the crystal are about the same 
as those found by Hilsch and Pohl® which are due to the 
halide ion of the same series of crystals. Their separations 
are such as to indicate that there must be two sets of 
lattice levels one of which belongs more to the alkali ion 
and another belonging to the halide ion. The halides of 
magnesium show a band near 235A which like most of 
those from the alkali halides is less than one volt wide. 
The absorption observed from a number of thin films of 
magnesium metal is not in agreement with that given by 
Skinner and Johnston as a second edge at 237A is much 
stronger than the expected edge at 250A. 

The levels for lithium as calculated by Millman® fit very 
poorly with the structure of the absorption spectrum. 
Calculations along such lines by others predict much 
broader absorption than is found in both metals and 
compounds. 


H. M. O'Bryan 


Harvard University, 
June 4, 1936. 


1O’Bryan, J. Opt. Soc. Am. 22, 739 (1932). 

2 Washington meeting, Am. Phys. Soc. (1936). 

* Skinner and Johnston, Nature 137, 826 (1936). 
«Skinner, Proc. Roy. Soc. A135, 84 (1932) 

§ Hilsch and Pohl, Zeits. f. Physik 59, 812 (1930). 
* Millman, Phys. Rev. 47, 286 (1935). 


O44 





LETTERS TO 


The Geographical Variation of the Cosmic-Ray Showers 


In an effort to determine whether the radiation respon- 
sible for the cosmic-ray showers is affected by the earth’s 
magnetic field, observations were taken !n the summer of 
1935 on a voyage across the Pacific to New Zealand and 
return. A triple coincidence recording apparatus was built 
in a form that could be used on ship board. The high 
voltage for the counters was supplied by batteries while 
the amplifier was connected to operate on 100 volts a.c. 
or d.c. The counters used were about 2.5 cm in diameter 
and 14 cm long. They were filled with a mixture of 80 
percent argon and 20 percent air to a pressure of 5 cm. 

Data were taken with the counters in two arrangements. 
For the first they were set in a vertical line with about 13 
cm between the top and bottom counters, and with the 
frame holding the counters swung in gimbals. To measure 
the showers the arrangement of Fig. 1 was used. The lead 


























Fic. 1. 


above the counters was 1.6 cm thick, that at the sides and 
below was about 0.6 cm thick. The daily runs were usually 
divided with the counters vertical for about 4 hours and in 
the shower position for about 20 hours. From the ship's 
log data on the position and barometer were obtained. 

In Fig. 2 the data for the vertical coincidences are 
plotted against the geomagnetic latitude. The latitude 
effect shown is estimated as being about 17 percent. 
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In Fig. 3 the data for the shower coincidences are simi- 
larly plotted. It is evident that the latitude effect, if any, is 
much less than for the vertical coincidences. However, the 
points show a considerable fluctuation partly due to the sta- 
tistical fluctuations and partly to the instrumental changes 
in sensitivity. To remove this last source of error the 
ratio of the vertical counting rate to the shower counting 
rate on the same day is used. This ratio is plotted as a 
function of latitude in Fig. 4 and obviously much more con- 
sistent points are obtained. Numerically the curve indicates 
the shower radiation experiences about 11 percent less lati- 
tude effect than the vertical radiation. This means that 
if the latitude effect for the vertical rays is 17 percent 
that for the radiation responsible for the showers is about 
6 percent. 

Conclusions based directly upon 
latitude effect for the two types of coincidence must be 
viewed with caution because of the difference in the 
geometry in the two cases. In the one case only those rays 
that are approximately vertical will register, in the other 
case those making a considerable angle with the vertical 
may still be recorded. That this difference may be signifi- 
cant is shown by the fact that in the Pacific Ocean the 
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latitude effect as measured with electroscopes is about 
10 percent.! However, the above results indicate that for 
the shower radiation the latitude effect is even less than 
this value, and if this is indeed true, then it follows that a 
part of the showers at sea level must be caused by an 
incoming photon radiation. 

The above experimental result is in substantial agree- 
ment with that of Johnson in the Atlantic Ocean.’ 

The pleasant cooperation of the Union Steamship 
Company and especially the officers of the steamships 
Makura and Niagara, made this experiment possible. 

W. H. PICKERING 

California Institute of Technology, 


Pasadena, California, 
May 21, 1936. 


1 Millikan and Neher, Phys. Rev. 47, 205 (1935) 
2 T. H. Johnson and D. N. Read, Phys. Rev. 49, 639 (1936) 


Possibility of Selective Phenomena for Fast Neutrons 


In the experiments on nuclear transformations produced 
by collisions with fast neutrons no resonance phenomena 
have yet been observed. Therefore it may be of interest to 
indicate here that such phenomena can be expected in the 
region of semi-light nuclei and that, with the evidence at 
present available on nuclear reactions, one can even in 
certain cases predict the energy of fast neutrons for which 
resonance disintegration should be observed. 

It is usually accepted that the phenomena of resonance 
take place when the ‘‘intermediate compound”’ of the reac- 
tion (i.e., original nucleus+incident particle with its total 
energy) possesses the excess of energy corresponding to one 
of its discrete quantum states. For example from the 
existence of resonance phenomena in the reaction: 


13Al?7+ eHe*—>); P*—>,,Si+ ,H!, (1) 


where, for six different resonance velocities of incident 
a-particles, the discrete groups of protons with the energy 
ranging from 6.0 MEV up to 8.6 MEV are emitted,' we 
can conclude that the nucleus ;;P* possesses well-defined 
energy levels for the excitation up to 8.6 MEV above its 
‘ionization potential’’ for proton (i.e., binding energy of 
proton in this nucleus). Accepting for this binding energy 
the value about 10 MEV we come to the conclusion that 
the nucleus in question has discrete and widely separated 
levels for the total excitation as high as 18 MEV and that, 
consequently, Bohr’s picture of very close and practically 
overlapping levels,? introduced for the understanding of 
neutron capture by heavy nuclei, cannot yet be applied in 
this region of atomic weights. 
An analogous case is represented by the reaction: 


122Mg+ .Het>,,Si29—> ;Al°8+ ,H!}, (2) 


which, according to Ellis and Henderson* shows a strong 
resonance for the energy of a@-particles somewhat below 
5.4 MEV. As far as in this case the energy balance is 
negative and, according to Duncanson and Miller,’ has 
the value —1.16 MEV, the protons emitted in resonance 
case must have the energy around 4.2 MEV. The same 
intermediate compound as in (2) can be obtained if one 
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bombards silicon (most abundant isotope 1,4Si** present in 
amount 96 percent) by fast neutrons: 


145i23+ on >, ,Si29—>, ,Al28+ ,H}, (3) 


so that choosing the energy of incident neutrons so that 
145i?” would have the same total energy as in the resonance 
case of the reaction (2) one should expect to observe the 
resonance. 

To calculate the necessary energy of neutrons we must 
know the difference of binding energies of a neutron and a 
proton in our nucleus. This can be easily estimated from 
the circular process: 

145178 + on! = 1 ,Si?°+Q,, 
145i?8 — ,H! = ;3;Al**—Q,, (4) 


13A1?8 = 149128 +e+ Emax; 


giving us: Q.—Q,p=[m,—(m,+m,.) ]?@—Emax=1 MEV 
—3 MEV=-—2 MEV, which means that in this case the 
proton is bound 2 MEV stronger than the neutron. Thus 
the intermediate compound of the reaction (3) will have 
the total energy corresponding to resonance if the energy 
of incident neutrons will be around 4.2 MEV—(Q,—Q>p) 
=6.2 MEV. 

It should be interesting to find experimentally such 
selective phenomena in silicon for the neutrons of this or 
lower energy. 

G. GAMOW 

George Washington University, 


Washington, D. C., 
May 28, 1936. 


1W. E. Duncanson and H. Miller, Proc. Roy. Soc. A146, 396 (1934). 
*N. Bohr, Nature 137, 344 (1936). 
3C. D. Ellis and W. J. Henderson, Nature 136, 755 (1935). 


Comments on Robertson’s Interpretation 


In recent papers in the Physical Review Engstrom and 
Zorn! and H. P. Robertson? have shown that the only 
transformations which preserve a Euclidean three-dimen- 
sional reference system with constant light velocity are the 
Lorentz transformation and the constant acceleration 
transformation discussed in my paper,’ or a combination 
ot the two. This disposes of my expectation that other such 
reference systems might exist. 

Lest any one should infer from Robertson’s paper that 
my theory is merely a special case of Einstein’s general 
theory, I should like to emphasize the fact that Einstein's 
theory (both special and general) makes the measured 
interval between two nearby events as determined by 
ideal scales and clocks the same for all reference systems, 
whereas mine does not. Therefore the two theories are 
quite different in their physical content. 

In connection with Robertson’s expectation that my 
procedure must lead to the usual classical expression for 
the ponderomotive force, I would point out that Adams 
and I have shown‘ that it may lead to a very different 
equation of motion. 

LEIGH PAGE 

Yale University, 


May 26, 1936. 


1 Engstrom and Zorn, Phys. Rev. 49, 701 (1936). 
2H. P. Robertson, Phys. Rev. 49, 755 (1936). 
*L. Page, Phys. Rev. 49, 254 (1936). 

‘ Page and Adams, Phys. Rev. 49, 469 (1936). 





The Isotopic Constitution of Barium and Cerium 


In the Ph} May 15, J. P. 


M. B. Sampson! report the observation of an isotope ot 
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barium at mass 134 in the ions from the heated oxide, in 


addition to the four isotopes observed by Aston at 135, 


136, 137 and 138. I have photographed several mass 
| spectra of the barium ions formed in a high frequency 
| 
| spark between two barium electrodes, which show two 

still fainter isotopes at 130 and 132.2 A reproduction is 

given in Fig. 1. The heavier isotopes are much overexposed 
} in order to bring out the two faint ones. With cerium® two 


faint isotopes at 136 and 138 have also been observed, in 
140 and 1422 This 


components separated by two 


addition to the two strong ones at 


occurrence ol two taint 
mass units at the lower end of the series of isotopes, is a 
striking feature of several elements in this region, Ce, Ba, 
Xe, Sn, and Cd. 


with the number of neutrons and protons as coordinates, 


In a plot of the isotopes of the elements 


the lightest barium 


Elsasser, isotope 


as in the one given by 
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135 137 


at 130 and the lightest cerium isotope at 136 fall on the 
straight line indicating the lower mass limit for nuclear 


stability. 
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